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This thesis reports the development of hand exoskeleton systems, for use in virtual reality (VR) 
environments and for hand rehabilitation; the aim is to overcome the limitations of conventional 
systems in terms of both wearability and portability. As the hand receives diverse physical 
information and manipulates different type of objects, conventional systems contain many sensors and 
actuators, and are both large and heavy. Thus, hand exoskeleton systems exhibiting high wearability 
and portability while measuring finger motions and delivering forces would be highly valuable. 
For VR hand exoskeleton systems, a wearable hand exoskeleton system with force-controllable 
actuator modules was developed to ensure free finger motion and force mode control. The linkage 
structure ensures motion with three degrees of freedom (DOF) and provides a large fingertip 
workspace; the finger postures assumed when interacting with objects are appropriate. A series elastic 
actuator (SEA) with an actuator and an elastic element was used to fabricate compact actuator 
modules. Actuator friction was eliminated using a friction compensation algorithm. A proportional 
differential (PD) controller, optimized by a linear quadratic (LQ) method featuring a disturbance 
observer (DOB), was used to ensure accurate force mode control even during motion. The force 
control performance of the actuator module was verified in force generation experiments including 
stationary and arbitrary end-effector motions. The forces applied to the fingertips, which are the 
principal parts of the hand that interact with objects, were kinematically analyzed via both simulations 
and experiments. 
To overcome the weak point of previous system, a wearable hand exoskeleton system featuring 
finger motion measurement and force feedback was developed and evaluated in terms of user 
experience (UX). The finger structures for the thumb, index, and middle fingers, which play important 
roles when grasping objects, satisfy full range of motion (ROM). The system estimates all joint angles 
of these three digits using a dedicated algorithm; measurement accuracy was experimentally evaluated 
to verify system performance. The UX performance was evaluated by 15 undergraduate students who 
completed questionnaires assessing usability and utilitarian value following trials conducted in the 
laboratory. All subjects were highly satisfied with both usability and the utilitarian nature of the 
system, not only because control and feedback were intuitive but also because performance was 
accurate.  
For rehabilitation, a highly portable exoskeleton featuring flexion/extension finger exercises was 
developed. The exoskeleton features two four-bar linkages reflecting the natural metacarpophalangeal 
(MCP) and proximal phalangeal (PIP) joint angles. During optimization, the design parameters were 
adjusted to reflect normal finger trajectories, which vary by finger length and finger joint ROM. To 
allow for passive physical impedance, a spring was installed to generate the forces that guided the 
fingers. The moments transmitted to the MCP and PIP joints were estimated via finite element method 
(FEM) analysis and the cross-sectional areas of the links were manually designed by reference to the 
expected joint moments. Finger motion and force distribution experiments verified that the system 
guided the fingers effectively, allowed for the desired finger motions, and distributed the required 
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Of the many body parts, the hand has a particularly large number of sensors that receive diverse
physical information (e.g., force, pressure, texture, andtemperature) from the environment. This
information aids our understanding of the world around us, including nearby objects. Also, the hand
performs tasks such as holding or moving objects with the fingers.
The cortical homunculus is a physical representation of thehuman body based on a neurological
map of the brain. The cortical homunculus is a physical representation of the human body based on
the neurological map in the brain [23,24]. Figure 1-1 shows the two-dimensional (2D) homunculus
of the motor and somatosensory cortex; the larger the corresponding area in the brain, the greater
the neurological complexity of the body part. The hand occupies the second-largest area in the
brain, after the mouth. The hand is extremely complex, is capable of very fine motions and is very
sensitive to stimuli. Given the exquisite sensitivity and many degrees of freedom (DOF), the hand
can interact with objects ranging from a small needle to a large ball, thus facilitating activities of
daily living (ADLs).
These bones, and the various associated muscles and ligaments, form joints that are used for
diverse motions. Eight carpal bones and four metacarpals (excluding those of the thumb) form
the palm, which has a large contact area. Each finger consistsof three phalanges (two for the
thumb) that can move independently [25]. Thus, the index, middle, ring, and little fingers exhibit
flexion/extension (F/E) and abduction/adduction (A/A) motions at the metacarpophalangeal (MCP)
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Figure 1-2: Anatomy of the hand
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joint, F/E motion at the proximal phalangeal (PIP), and distal interphalangeal (DIP) joints, respec-
tively. The thumb consists of one metacarpal and two phalanges. The first metacarpal engages in
complex movements by forming a saddle joint with the trapezium. The carpometacarpal (CMC)
joint between the trapezium and the first metacarpal not onlyexhibits F/E and A/A motions, but
also supination/pronation (S/P) [25]. This allows the thumb to curve and engage in pinching with
the other fingertips. As complex finger motions are possible giv n the anatomy of the hand, humans
can stably hold objects with various shapes.
1.1.2 Applications of the hand exoskeleton systems
Hand exoskeleton systems have been actively researched dueto the importance of hand function in
daily life. Such exoskeletons have been applied in a varietyof ways, including for virtual reality
(VR) applications and hand rehabilitation.
1.1.2.1 Virtual Reality
VR environments can simulate both real and imaginary worlds. As environments beyond the limits
of time and space can be implemented in VR, the technique findsapplications in various fields;
many interfaces (e.g., mouse, keyboard, and joystick) havebeen developed to connect users to VR
environments. However, most systems have the disadvantageth t the user must learn how to handle
them and the modes of VR interaction differ. Also, most VR systems generate only vibrational
feedback from the VR. It would be useful to develop an intuitive nterface that measures finger
motions and transmits force feedback from the VR to the user.If a virtual hand is to mimic finger
motions successfully, such motions must be accurately measur d. Finger motion data are used
to determine whether the finger is touching an object, or the ext nt to which an object is being
squeezed by the hand. A hand system for VR applications should generate and transmit accurate
reaction forces, calculated by reference to the physical properties and extent of deflection of the
virtual object. If finger motion measurement and reaction force transmission are inaccurate, the
user may misunderstand the virtual environment and objectstherein.
1.1.2.2 Rehabilitation
When manipulating an object in daily life, the fingers move and a force is felt during holding
of the object. However, finger function can be compromised bydisease, surgery, and accidents.
Various rehabilitation protocols are used depending on thepati nt’s condition and the aim of therapy.
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Conventional therapy requires one-to-one interaction betwe n a patient and a therapist; this is both
labor-intensive and expensive [26]. Robotic hand rehabilit tion is attractive to ensure recovery of
hand function and resumption of normal ADLs.
Two principal groups of patients require rehabilitation. Ithe first group, the central nervous
system (CNS) is affected by disease (usually stroke) [27]. In stroke patients, motor signals are
distorted because of abnormalities in the brain that triggemuscle spasticity or fatigue, although the
muscles are normal. Through rehabilitation of an affected hand, the unaffected hemisphere comes
to control that hand and motor function recovers [28]. In addition, rehabilitation reduces muscle
spasticity and restores muscle strength [29].
In the second group of patients, the hand muscles or joints are d maged in an accident or by
surgery. Splints are initially used to protect surgical site ; however, blood circulation is compro-
mised and joint edema may develop. Thus, hand rehabilitation via highly intensive and repetitive
exercise is essential. Such exercise promotes blood circulation, reduces edema, minimizes joint
stiffness, and maintains the range of motion (ROM) [30, 31].To effectively restore hand function,
the rehabilitation protocol should consider muscle parameters, the ROM, and hand anatomy. As de-
scribed above in the context of VR, establishing clear criteria for evaluation of system performance
is challenging. Existing methods will be discussed in the next s ction.
1.2 State of the Art
1.2.1 Hand Force (Kinesthetic) Feedback Systems
Many hand VR interfaces have been developed to transmit force feedback to the user, and hand
motions to the VR. The various VR interfaces, categorized according to their mobility and motion
measurement systems, are shown in Fig. 1-3. Although many cutaneous feedback systems have
been developed, I focus on force feedback systems only.
Force (kinesthetic) feedback systems can be divided into grounded and wearable systems ac-
cording to mobility, and into finger and hand motion systems according to measurement type. The
systems depicted in the top left part of Fig. 1-3 are haptic systems with end-effectors [1, 2]. A
user grasps a sphere- or pen-type end-effector and moves thehand in three dimensions. Although
only one end-effector is employed, the user feels forces in six directions (i.e.,±x, ±y, and±z-
axis). Grounded systems transmit forces more accurately than wearable systems because grounding
ensures firmness. However, as the position of only the end-effector is measured, these systems mea-
11
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Figure 1-3: The hand force feedback systems for VR [1–8]
sure hand motion rather than finger motion, which is not recognized. Such systems are optimally
suited to virtual situations wherein a user performs tasks while holding an object, without any need
for finger movement.
The systems depicted in the top right part of Fig. 1-3 are labor tory grounded systems that
measure finger motion [3,4]. The user wears several thimbleslocated at the end-effectors of cables
or linkage mechanisms and feels forces while moving the fingers in various directions. As these
devices measure fine finger motion, they can be used in complexvirtual tasks than the end-effector-
type systems. Although the user does not perceive the weightof t e system (because it is grounded),
he/she cannot move the wrist or arm freely; these are constrai ed by the system design. Also, the
grounded systems are large and heavy, and thus not portable.
To ensure free arm motion, high wearability, and good portability, I focused on wearable systems
featuring finger motion measurement and force feedback (lower right part of Fig. 1-3). Cybergrasp
and Dexmo are the best-known wearable systems, manufactured by CyberGlove Systems and Dex-
taRobotics, respectively [5, 6]. The ExoHand and RMII-ND are wearable hand systems developed
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Figure 1-4: The rehabilitation systems for the hand [9–19]
weight reduction was prioritized. The actuator modules andccessory equipment of the Cyber-
grasps and ExoHand are remote from the hand; however, this degrades system portability to a level
similar to that of grounded systems. Also, most such systems(including the Dexmo and RMII-ND)
measure only fingertip positions, not finger joint angles. Ifonly fingertip movement is measured, a
hand active in a VR cannot accurately mimic real finger motions the level of VR immersion is low.
It is necessary to develop VR systems that measure finger joint angles and transmit force feedback;
such systems must exhibit high-level wearability and portabili y.
1.2.2 Hand Rehabilitation Systems
For effective rehabilitation, the impaired body part must be exercised repetitively and intensively
with the help of a therapist. Such conventional therapy is highly protracted and labor-intensive; thus,
several robotic rehabilitation systems have been designeda d commercialized. Hand rehabilitation
systems, including conventional methods, can be classifiedin terms of purpose and actuation, as
shown in Fig. 1-4
Movement of the impaired body part is usually restricted by asplint to prevent tissue tearing
or widening after surgery [9]. For stroke patients, splintsare also used to reduce the muscle con-
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tractions caused by spasticity, but a rigid splint may causedi comfort. A splint with a stiff body,
developed by Saebo, allows the flexion posture to be assumed as tone increases, thus gradually
repositioning fingers in the extended posture [10].
Physical therapy enhances blood flow and prevents postoperaive edema. Also, to reduce muscle
spasticity or atrophy, the stroke patient performs intensive and repetitive movements; this is termed
continuous passive motion (CPM). The patient usually movesth impaired region with the help of a
therapist and a stiff object [11]. However, as the effects ofuch rehabilitation methods are difficult
to maintain over the long term, robotic CPM systems have beend veloped and commercialized. The
Kinetic Maestro Portable Hand CPM and the Waveflex Hand CPM were d veloped by Thera Tech
Equipment and Remington Medical, respectively; they are both wearable, portable, and very simple
in design [12,13]. The fingertips are moved along a defined trajectory; however, circular motion (1
DOF) imparted by an actuator cannot be used to impart 3-DOF fingertip movement. Furthermore,
the joint angles are not considered. The HEXORR system generates MCP and PIP joint motions that
facilitate functional recovery [14]. As the system guides fingers in which tone is increasing, it was
necessary to construct it as a grounded system with large motors and torque sensors transmitting
torque of over1 Nm to each finger.
Conventional rehabilitation, during which the patient performs a task related to the ADL, is
termed occupational therapy. The patient grasps objects varying in shape and stiffness, and performs
hand and arm motions similar to those required in daily life.To assist and rehabilitate the hand
motions of the ADL, various types of system are used. As patients xhibiting muscle spasticity find
it difficult to stretch the fingers, simple devices that keep the fingers extended are useful, including
springs and rubber bands [10, 15]. Although the systems are compact and light, and stiffness can
be varied depending on muscle status, bidirectional assistnce cannot be achieved using a passive
component. Systems featuring actuators of the ADL have beend veloped to assist finger motions.
The Hand of Hope (HOH) captures patient intention using a surface electromyography (sEMG)
sensor on the lower arm, and aids finger motions via a linkage structure [16, 17]. Although the
system assists each finger independently, it is relatively havy (about700 g) and the ROMs of the
MCP and PIP joints are small compared to the full ROMs of the human finger. Sinfonia (developed
by Gloreha) assists finger motion using pneumatic actuators[18]. A frictionless support, allowing
arm motion and attached to a desk, reduces loading during rehabilitation exercises. Thus, the system
is a desktop system. The Exo-Glove Poly, developed by SNU, includes cables that assist thumb,
index, and middle finger motions [19]. Use of the cable systemallowed for a dramatic reduction
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in device size; sensors record finger motions and fingertip forces when various types of objects are
grasped. Although the palm component is small, the large actuator box compromises portability.
Both CPM and ADL systems are used to assist intensive finger motions; CPM systems can be
employed to facilitate ADL exercises and vice versa. However, the principal feature of a CPM
device is that wide-joint ROM is prioritized. CPM devices employ simple and repetitive motions
to maintain finger joint ROM, reduce hand spasticity, and enhance blood circulation in a wound.
On the other hand, ADL systems typically focus on the holdinga d moving of objects, and thus
control finger postures and fingertip forces when grasping objects of diverse shape and stiffness,
while ensuring free arm motion.
Although the system and/or actuator module can be varied depending on patient condition when
rehabilitation is underway, rehabilitation systems should exhibit high-level wearability and porta-
bility, and must measure finger movements and transmit forces. However, the HEXORR, Sinfonia,
and HOH devices shown in Fig. 1-4 are grounded systems with low portability. Also, as the actuator
module of the Exo-Glove is remote from the hand, the patient must carry a heavy box. Most com-
mercial CPM devices, such as the Kinetic Maestra Portable Waveflex, control fingertip positions
only over a 2D circular trajectory, different from the 3-DOFoval trajectory of a real fingertip. Also,
the systems guide only the fingertips; they do not consider joint angles; abnormal angles are thus
possible. Therefore, as with VR systems, rehabilitation systems must be wearable and portable, and
must measure joint angles to ensure that appropriate forcesa e imparted.
1.3 Thesis Overview
Various hand exoskeletons featuring measurement of finger motion and delivery of force feedback
have been developed for VR and rehabilitation applications. However, most of these systems are
large and heavy, limiting wearability and portability. Thus, this thesis aims to develop hand ex-
oskeletons that are highly wearable and portable, and that me sure finger motion and deliver force
feedback for VR and rehabilitation applications.
Previous studies evaluated finger motion measurement and force feedback via physical exper-
iments. However, subjective features such as wearability and portability are also important, but
many systems have not been evaluated in terms of user experienc . This thesis thus reports on user
experience and is organized as follows.
[Chapter 2: Wearable Hand Exoskeleton Systems for Virtual Reality]
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A hand exoskeleton featuring a force-controllable actuator m dule is developed, which gener-
ates force feedback for the VR. The structure ensures 3 DOFs of /E for each finger, mimicking the
real-world situation. A series elastic actuator (SEA) is used to ensure that the system is compact
and can operate in force mode. Force is controlled using a line r zed motor running a friction com-
pensation algorithm, combined with a disturbance observer(DOB); this represents a robust control
algorithm. By combining the exoskeleton, actuator module,and control algorithm, a wearable hand
exoskeleton featuring force mode control was developed.
In addition, to revise the weak points of the previous system, a wearable hand system featuring
finger motion measurement and force feedback was developed for VR applications. The system
measures the joint angles of the thumb, and the index and middle fingers; these play a major role
in the manipulation of objects. The finger joint angles are calcul ted using a closed-loop kinematic
model formed by the fingers and the structure under considerat on. Accurate force feedback is de-
livered via motor current control featuring a DOB. The performance of a prototype was evaluated.
The estimated finger motions were compared to those measuredby a commercial motion capture
system. Also, interactions with objects varying in stiffness, size, and shape were evaluated to verify
that motion measurement and force feedback functioned wellin combination. System performance
was verified not only physically, but also from the viewpointof subjective user experience. Test sub-
jects evaluated the system in the laboratory while moving the fingers and receiving force feedback
from virtual objects, and then completed questionnaires. This verified that the system interacted
appropriately with the VR.
[Chapter 3: A Wearable Spring-guided Hand Exoskeleton for Continuous Passive Motion]
A portable rehabilitation exoskeleton featuring a spring facilitating finger F/E was developed.
The simple wearable exoskeleton afforded 3-DOF finger motion. Using a general finger trajectory
measured in a hand F/E experiment, and the joint ROMs of individual patients, the trajectory that
the exoskeleton should realize was determined. An optimization algorithm was used to ensure that
the desired trajectory was implemented. A spring was employed to generate forces guiding finger
F/E. The moments imparted to the MCP and PIP joints by the spring were calculated using the finite
element method (FEM). Prototype testing confirmed that the system assisted the fingers to perform
the desired motions, and imparted appropriate MCP and PIP joint moments.
[Chapter 4: Conclusion]
This chapter contains concluding remarks and future issuesto be addressed.
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Chapter 2
Wearable Hand Exoskeleton Systems for
Virtual Reality
2.1 A Force-controllable Hand Exoskeleton System
2.1.1 Introduction
Exoskeleton systems have been researched for rehabilitating nd assisting the human’s motion and
force [14, 15, 17, 19, 39–43]. Although interaction with VR is a promising field among the applica-
tion area of the exoskeleton systems, head-mounted display(HMD) or remote control handsets with
vibration feedback were mainly researched [44–48]. However, th y are not enough for vivid inter-
action with VR. Since the hand has a lot of sensory receptors,significant physical data are obtained
and a human understands the mechanical properties of objects using the hand. Thus, developing
hand force feedback systems with high wearability and portability is crucial to interact with VR
vividly.
There are many studies to develop wearable hand systems. Previous systems using electric
motors can be categorized into (1) cable-driven glove system , (2) cable-driven frame systems, and
(3) exoskeleton-type systems according to their structureas shown in Fig. 2-1. Exo-Glove is an
assistive glove for a stroke patient developed by SNU [49]. The tendons embedded in the glove
transmit the force from the small electric motor for helpingthe finger motions. As the device
does not have any rigid part, it is light and easy to wear. However, it is difficult to apply the
The contents of this chapter was published in [32] and will bepublished in [33] and [34]. Preliminary research















Figure 2-1: The system type according to the structure
accurate force at the specific part and control the cable tension precisely without sensors. The
cable-driven frame systems, which have more rigid bodies than t e cable-driven glove systems
although the force is transmitted by the cable mechanism. The rigid bodies in the cable-driven frame
systems are generally used for guiding the cable. To deliverthe generated torque, cable pulleys in
HANDEXOS were installed at at either side of the joint [50]. Thus, it is difficult to put the fingers
together, resulting in uncomfortable finger motion. To change the magnitude and direction of the
force feedback, the system structure developed by PERCRO laboratory uses three electric motors
for one finger [51]. Therefore, the cable-driven mechanism ivery large and heavy. CyberGrasp is
a commercialized cable-driven frame system developed by CyberGlove Systems [5]. To minimize
the interference problem, the cable structure was put on theback side of the fingers, thus the system
size is quite large. Additionally, the motors located at theoutside of the hand degraded the mobility
of the system. As the exoskeleton type system, a variety of systems were developed. HEXOSYS
II developed by lIT has a linkage structure and an actuator for each finger [52]. In this system,
although the simple structure guarantees the workspace of the fingertip, the various force control
was not verified by only focusing on the light system.
18
The exoskeleton-type system may have the most largest strucure among three types of systems.
However, since the exoskeleton-type is good for deliveringthe force due to the rigid bodies, the
exoskeleton-type structure was chosen. Additionally, to generate the force feedback from VR, a
compact actuator module for force mode control should be studied. Therefore, a hand exoskeleton
system consisting of an wearable exoskeleton structure to guarantee natural finger motions and
compact actuator modules for force mode control is developed.
In this section, a compact exoskeleton system with force-controllable actuator modules for the
hand is proposed by focusing on force generation for force feedback from VR. Inspired by the finger
anatomy focusing on the extensor muscles, an exoskeleton structure was designed to guarantee 3
DOF and large ROM. In the actuator module, a series elastic actuator (SEA) mechanism was used
to reduce the system size and generate force feedback. In SEAmechanism, the force is precisely
generated by controlling the spring deflection. Furthermore, the generated force is calculated using
the spring constant and deflected length like a force sensor.A proportional-derivative (PD) con-
troller with disturbance observer (DOB) was applied to satisfy the accurate control of the motor
even with the uncertainty due to the finger motions. Therefore, a wearable hand exoskeleton sys-
tem with force-controllable actuator modules was developed by combining the linkage structure,
actuator module, and control algorithm.
2.1.2 Structure Design
2.1.2.1 Design of the Structure
The finger anatomy is very complex because of a lot of bones, tendons, and ligament. Figure 2-2
shows the bones and tendons of the finger [20]. Blue circles are the rotational joints in F/E direction
and green colored arrows are the activated muscle during extending the finger. The activation of
the muscle when extending the finger, especially extensor digitorum communis (EDC), was mainly
focused, since the system transmits the repulsive force from the virtual object. EDC is attached to
proximal, middle, and distal phalanges around the joint, thus, it help extending three joints in F/E
direction. Dorsal hood which consists of lumbrical and interosseus assists the extension of the PIP
and DIP joints while preventing hyperextension of the MCP joint. Additionally, flexor carpi radialis
(FCR) is related to the flexion of all three joints in F/E motions. Therefore, the upwards links (red
arrows) were designed considering the attached positions (red circles) of the tendon of EDC and











Figure 2-2: Anatomy of the finger (edited from [20])
motion of the finger is also important, F/E motions was only considered to reduce the system size.
Since the finger mostly interact with an object using the bottom side, the wearing part was located
at the bottom of the fingertip.
To guarantee F/E motion of the finger, various linkage structures were investigated. Figure 2-3
shows design candidates of the linkage structure. The conneti g parts (grey parts) were put on
each phalanges and dorsum of hand, and the linkage structurewas designed at the upper side of the
finger to eliminate collision problem between adjacent fingers. The green links are connected grey
parts at the similar position to the extensor and the blue links are connecting links between green
links and the actuator. The actuators were located at the dorsum of hand for high mobility.
Figure 2-3 (a) shows the first design candidate. The blue links directly connect the motor and
green links. Thus, it is the simplest design, however, it hasonly 2 DOF and cannot be used for the
structure for finger motions. The two links were added in design candidate 1 to increase DOF of
the structure as shown in Fig. 2-3 (b). Although the structure guarantees the free finger motions, it
makes the system size large for large ROM of the finger joints as hown in Fig. 2-4 (a). Therefore,
the design candidate 3 was proposed by adding more links and joi ts as shown in Fig. 2-3 (c). If
design candidate 2 and 3 have same ROM of the finger, the systemheight of the design 2 is 7 mm
larger than the that of the design 3 in extension posture as shown in Fig. 2-4. As a result, the design
candidate 3 was chosen as the linkage structure, thus Figure. 2-5 describes the exoskeleton structure
design for one finger.
2.1.2.2 Kinematic Analysis of the Structure
A person want comfortable movement with the exoskeleton structu e, but, several postures are not
possible due to the interference between links. Therefore,workspace of the structure was analyzed
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(c) Design candidate 3
Figure 2-3: Design candidates of the finger structure
45 mm
(a) Design candidate 2
38 mm
(b) Design candidate 3
Figure 2-4: Comparison between design candidates












(b) Divided kinematic model
Figure 2-6: The linkage structure
using kinematic model consisting of three five-bar and two four-bar linkages as shown in Fig. 2-6.
The linkage type was describe in the numbers inside of the loop in Fig. 2-6 (b).
With the structure with 3 DOF, the position of each joint is determined sequentially according
to the angles of the MCP, PIP, and DIP joint. To analyze the structu e kinematically, the angle
and length variable of the structure are shown in Fig. 2-7 (a)and (b), respectively. Thex-axis was
parallel with the palm and the point 4 located at the dorsum ofthe hand was set as the origin to
investigate the all joint positions. The MCP, PIP, and DIP joint positions were described as point 7,
11, and 14, respectively, and the fingertip position is described as point 17. The exoskeleton device
is always worn on the user’s hand using same method, thus, theangl α andβ were defined as
constant values. Theθ1, θ2 andθ3 are the angles of the MCP, PIP and DIP joints controlled by the
human, respectively.
Unlike normal ROM, the finger joint angles required to conduct daily tasks like key grip and
pinch motion is described as the functional ROM [53]. Since the proposed system was developed
for performing the tasks and interacting with objects in VR,the ROM performed by the exoskeleton
structure were compared to functional ROM. The parameters for kinematic analysis were summa-
rized in Table 2.1.
Since the several parameters and positions were predetermined and calculated using only joint












































































Figure 2-7: Parameters for kinematic analysis
Table 2.1: Parameters of kinematic analysis
Predefined angles (◦) α, β
Link lengths (mm) l
Origin pt 4
MCP joint pt 7
Position PIP joint pt 11
DIP joint pt 14
fingertip pt 17
Range of MCP (◦) 0 ∼ 73
joint PIP (◦) 0 ∼ 86


























= l7T (−β) + l10T (−θ1) + l15T (−θ1 − θ2) + l23T (−θ1 − θ2 − θ3) (2.1)
whereT (θ) = [cos(θ) sin(θ); − sin(θ) cos(θ)]. Thus, the positions of point 8, 9, 12 and 16
are calculated by the equations.
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The order of the structure was presented as a number in red color to describe the structure clearly
as shown in Fig. 2-7 (b). Figure. 2-8 represents the schematic of l nkage 1. The joint positions of
the linkage 1 except point 13 were determined by previous equations and the position of the point
13 is calculated by the equations for the four-bar linkage analysis. Thex′-y′ plane is tilted with the
angleδ, calculated from the positions of point 12 and 14, from thex-y plane. Additionally,ϕ is an























25 = 0 (2.3)
where
−→
P16 = l26T (ϕ) and
−→
P13 = l19[1 0]
T + l17T (ψ) in thex′-y′ plane. It is rewritten as follows:


















Figure 2-9: Linkage 2
where
A(ϕ) = 2l17l19 − 2l17l26 cosϕ (2.5)
B(ϕ) = 2l17l26 sinϕ (2.6)






25 − 2l26l19 cosϕ (2.7)













P12 + l17T (δ + ψ) (2.9)
Consequently, all joint positions of linkage 1 were calculated by the analysis of the four-bar
linkage. Since the linkage 4 is also a four-bar linkage, the positions of the linkage 4 can be deter-
mined by above equations. The five-bar linkage with 2 DOF requi s two input angles to determine
all joint positions. As shown in Fig. 2-9, the position of point 10 is determined by the linkage 2
with two input anglesφ andω. Thex′′-y′′ plane is also rotated with the angleν, defined by the
positions of the point 11 and 12, from thex-y plane. The input anglesφ andω are calculated by the
cosine law with similar method to the method in linkage 1. Therefore, the position of point 10 can




P13 + l18T (ψ1 + ψ2) (2.10)
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l17 = l16T (ν) + l13T (ν + ω)− l17T (ν + φ) (2.11)







r · [1 0]T
‖r‖
) (2.13)
Thus, all joint positions in linkage 2 are obtained consequently and the linkage 3 and 5 that are
also investigated using the similar method. Therefore, alljoint positions were obtained using the
kinematic anlaysis of the four- and five-bar linkage.
The workspace of the proposed system which means the possible positions of the fingertip
with the exoskeleton without any restriction was compared to that of the functional ROM shown in
Table. 2.1. The fingertip workspace of the proposed structure and functional ROM were shown in
Fig 2-10. As shown in Fig. 2-10 (a), the workspace of the proposed system satisfy 90% of the that
of the functional ROM and the very flexed postures were not realized by the structure interference.
The workspace of the linkage structure can be increased by increasing structure lengths and
system size as shown in Fig. 2-10 (b). Even though the larger linkage structure satisfy about 95
% of the functional ROM, the height of the structure should be increased about 20 mm as shown
in Fig. 2-10 (c) and (d). Therefore, considering the system size and the fingertip workspace, the
system structure design was appositely optimized. With thefinal structure design, the MCP, PIP,
and DIP joint of the finger can move to 93 deg, 89 deg, and 85 deg,which are 93%, 85%, and 100
% of the normal ROM, respectively.
2.1.3 Actuator Module Design
2.1.3.1 Series Elastic Actuator (SEA) Mechanism
To realize the vivid interaction with VR, the force should bem asured for accurate force control.
However, since a typical force sensor is quite large and heavy, it is not suitable for the wearable
hand systems. Therefore, a series elastic actuator (SEA) mechanism was used to satisfy the force
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Figure 2-11: Series elastic actuator (SEA) mechanism
In physical human-robot interaction systems, the SEA mechanism has been actively applied
for force mode control [56–61]. The force is generated via anelastic element installed between
an actuator and human side. The basic schematic of SEA mechanism is shown in Fig. 2-11. By
adjusting the spring deflection, the generated force,f , is precisely controlled:
f = k(xA − xH) (2.14)
wherek is the spring constant, andxA andxH are the positions of the actuator and human side,
respectively. The desired actuator position,xAd, is calculated using the measured human joint





By controlling the desired motor position, the desired force is generated precisely.
The actuator module with SEA was designed as shown in Fig. 2-12. The positions of the linkage
structure and actuators are measured by a potentiometer forthe human side and an embedded poten-
tiometer in an actuator, respectively. Since the generatedforce is calculated by the deflected length
of the spring, a force sensor is not required in this hand exoskeleton system. Therefore, the actuator
module becomes more compact due to SEA mechanism. Moreover„the maximum force and the
force resolution could be adjusted easily by replacing the elastic element with various stiffness.
To investigate the required force for force feedback, the contact forces in grasping objects
were measured experimentally. The subject wore a glove withpressure sensors (Tekscan grip sys-
tem [62]) attached to the palm side and grasped a cylinder (diameter: 6.4 cm) for 5 s smoothly just
before lifting the sphere by only using the fingertips. The researcher measured the contact force at
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Figure 2-13: Maximum contact force
the grasp 5 times. Seven healthy persons without any known motor diseases (four males, three fe-
males, age: 24±4.3) were participated in this experiment. After the experim nt, the average of
maximum forces was calculated for each person.
Fig. 2-13 shows the experimental results. The solid and dotte lines present the average values
for the males and females, respectively. As the experimental results, the contact force at the thumb
was the largest for all subjects, about 8 N for males and about6 N for females. Therefore, the target
force for the actuator module was set 8 N. Additionally, about 20 mm linear motions was enough to
achieve the fingertip workspace in the simulation in Fig. 2-10 (a). As a result, a linear motor with
9 N maximum force and with a 20 mm stroke (Firgelli PQ12 [63]) was chosen as the electric motors
for actuator module.
A spring, as a elastic element, plays an important role in theactuator module for force mode
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Table 2.2: Parameters of the spring design
Modulus of rigidity G (kgf/mm2) 7500
Diameter of a spring wire d (mm) 0.6
Mean diameter of a spring D (mm) 6.5
Number of turns n 10
Spring constant k (N/mm) 0.434
control. The average of the force resolution at the MCP and PIP joints is about 0.3 N [64]. If
the motor is controlled with less than 1 mm position error, a spring with 0.3∼0.5 N/mm is enough
considering the force resolution of the finger joint. The design parameters for the spring were
determined as in Table 2.2 with regard to the required springconstant and the size of the actuator





whereG is the modulus of rigidity,d is the diameter of a spring wire,D is the mean diameter of a
spring, andn is the number of active coils.
Figure 2-14 (a) and (b) show the manufactured actuator module and manually designed compact
motor driver. Since the size of the motor driver is 27× 14× 4 mm, it is very compact and suitable
for putting on the top side of the motor and hiding the electronic board by a cover. The potentiometer
to measure the position for the human side was attached to thep side of the actuator module due
to the limited space available. Using the 3D technology, theactuator module except the motor and
sensors was manufactured. Its size was about 18× 77× 36 mm, and its weight was 30 g.
2.1.3.2 Actuator Module Control
The electric motor used for the actuator module includes a gear box for adjusting the range of
velocity and force. Although the gear reducer is installed to amplify the output torque, it generates
the motor friction which makes the system nonlinear. Therefore, the motor friction is reduced
though friction compensation algorithm to improve the contr l performance.
To apply the friction compensation algorithm for elimination of the actuator friction, the friction
model was experimentally investigated. Figure 2-15 presents the required control input of the motor
at a variety of velocities. Although a signum function is typically used for the friction model,
the sudden increase of the control input at zero velocity makes undesired vibration of the motor.
Therefore, the control input calculated by the friction compensation algorithm was determined to
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(a) Manufactured actuator module
(b) Manually designed motor driver
Figure 2-14: The actuator module












































































Figure 2-17: Overall control structure (P : plant,Pn: the nominal model ofP , Q: Q filter in the
DOB,C: controller,fd/f : desired/measured force,xMd/xM : desired/measured motor position,xH :
finger position,d/d̂: external/estimated disturbance,u: control input,ud: control input in the DOB,
ξ: noise)
be zero if the motor is in the stationary state. Thus, the friction compensation input,Vfric, was
generated as follows:
Vfric = a+ b · sgn
∗(vA) (2.17)













−1, vA < −ǫ
−a/b, −ǫ ≤ vA < ǫ
1, vA ≥ ǫ
(2.18)
The velocity range of the actuator (ǫ in 2.18) for eliminating the vibration was set considering
the measurement noise of the velocity. Coefficientsa and b in (2.17) mean bias and Coulomb
friction, respectively. The parameters were determined through curve fitting the experimental data
asa = 0.05, b = 0.45. Also the rangeǫ was set to 0.3 considering the measurement noise. The
frequency response of the motor with the friction compensation algorithm is shown in Fig. 2-16.
Since the actuator position should be controlled in SEA mechanism, the linearized actuator model
was obtained as following:
P (s) =
124.7
s2 + 8.527s + 3.708
(2.19)
In SEA mechanism, the position of the actuator should be precisely controlled. A PD controller
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was used for the position control and its gain was optimized by a linear quadratic (LQ) method. The





{eT (t)Qe(t) + uT (t)Ru(t)}dt (2.20)
wheree andu are the tracking error and control input, respectively,Q andR are weighting factors
for system state and control input. Since the weighting factor for system stateQ is a 2×2 matrix,
(1,1) and (2,2) elements are values for position and velocity error, respectively. Additionally, as the
motor position should be controlled precisely, the weighting factor for the position has larger value
than that for the velocity. The weighting factor for the contr l inputR was obtained experimentally
to control the motor position successfully while preventing saturation of the control input. The ma-
trix Q and valueR were experimentally determined, andQ andR were selected as[1 0; 0 0.0001]T
and0.2, respectively.
The system with the optimized PD controller and the plant linearized by the friction compen-
sation may precisely control the motor position. However, uncertainties, especially introduced by
the interaction between the linkage and the human, degradedthe control performance of motor.
Therefore, disturbance observer (DOB), which is mostly used among the robust control algorithms,
was used to enhance the system robustness. In DOB algorithm,the disturbance from the system
is estimated and compensated. TheQ filter in DOB is use to filter the disturbance from the calcu-
lated control input. Thus, by considering the actuator and human finger speed, it was designed as a
low-pass filter with cut-off frequency of 3 Hz.
Fig. 2-17 shows the overall control algorithm for actuator modules. The high-level controller
was not considered in this research to focus on development of the hand exoskeleton system. When
the position of the human side and the desired force,fd, are determined, the desired motor posi-
tion, xMd is calculated by (2.15) (‘Position Conversion’ box in Fig. 2-17). The PD controller (‘C ’
in Fig. 2-17) is applied to the control the motor position. The geared motor, ‘P ’ in Fig. 2-17), is
linearized through the friction compensation algorithm, and DOB, as the robust control algorithm,
minimize the uncertainties from interaction with the human. The precisely controlled motor posi-
tion, xM , is converted to the force feedback,f , by the spring deflection(2.14) (‘Force Conversion’
box in Fig. 2-17).
To investigate the performance of the force mode control, anexperiment for generation of the
desired force was tested with sinusoidal and arbitrary motions of the human side. The desired force
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(a) Desired and measured motor position














Figure 2-18: Force control performance with stationary motion
was defined as a sinusoidal signal, and also, the motion at thehuman side,xH in (2.14) and (2.15),
maintain stationary. As shown in Fig. 2-19 (a), the sinusoidal force is generated successfully and
the maximum force error is below 0.3 N. In addition, the end-effector position is changed to the
arbitrary finger motion in the Fig. 2-19. Fig. 2-19 (a) shows the performance of the position control
of the motor. In SEA mechanism, the motor is position-controlled in real-time by (2.15) although
the actuator module generates the force. As shown in the figure, the motor tracked the desired
position well. Therefore, the desired force was accuratelyproduced despite of arbitrary motion at
the end-effector, as shown in Fig. 2-19 (b) and (c). The maximum force error was about 0.27 N
and the root-mean-squared error (RMSE) of force was 0.09 N, which was smaller than the force
resolution of the finger joints [64].
2.1.4 Implementation of the Hand Exoskeleton
Fig. 2-20 (a) and (b) shows the 3D design and prototype of the integrated hand exoskeleton system
with the proposed structure and actuator modules, respectively. Also, its size is 88× 230× 83 mm
and weight is 298 g. The overall rigid structures were attached to a glove for high wearability. The
force feedback was generated by actuator modules which wereput on the dorsum of hand for free
hand and arm motions. Even though the system has five actuatormodules are on the hand, its size
34
















(a) Desired and measured motor position













(b) Desired and measured force














Figure 2-19: Force control performance with arbitrary motion
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A potentiometer for the human side
A fingertip part
A glove
(b) Prototype of the hand exoskeleton
Figure 2-20: The proposed hand exoskeleton system
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and weight are small and the user can move the arm comfortably. Since all structure and actuators
were placed on dorsum of the hand, the proposed system has high wearability and portability.
2.1.4.1 Analysis of Force Distribution
Since the force generated by the motor is distributed through the linkage structure, force distribution
through the structure is analyzed to evaluate the exoskeleton system.
As the speed of the finger motion is slow when the force feedback is applied, the structure was
assumed in a quasi-static situation. The schematic of linkage structure for force distribution was
shown in Fig. 2-21. The circles with numbers in Fig. 2-21 (a) present the joints in the structure
and the red arrows are the transmitted forces to each joint. When the posture of the structure was
determined by the joint angles of the finger, the force vectors at each joint were calculated by the
equations of force equilibrium.
F andFtip in the figure show the force feedback by the actuator module and applied force in
normal direction to the fingertip, respectively. Since peopl generally feel reactive forces in normal
direction when grasping an object, the normal force at the fingertip was mainly focused. The finger
phalanges and palm contact to the exoskeleton through the grey-colored parts (4, 9, 12, 16 in Fig. 2-
21 (a)). Therefore, force equilibrium equations were investigated and the equations for one loop
shown in Fig. 2-21 (b) can be expressed as follows:
F9x + F9y − F10a − F5a = 0 (2.21)
F10a + F10b − F6b = 0 (2.22)
F6a + F6b − F3a = 0 (2.23)
F5a − F4a − F6a = 0 (2.24)
The equations can be calculated by linear algebra after investigating all equations of the rota-
tional joints and expressing the equations as the matrix andvector. Therefore, the normal force at
the fingertipFtip was calculated by the force distribution analysis. The joint ROM used in kinematic
analysis was same with the ROM from Table. 2.1. Since the DIP joint angle depends on the PIP
joint, it was set as 2/3 of the PIP joint angle [66]. Also, the generated force by the motor (F in
Fig. 2-21 (a)) was assumed as 3 N in the force distribution analysis.



























































(c) Force feedback to the fingertip
Figure 2-21: Force distribution analysis
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force analysis. Since the DIP joint angle is varied with the cange of the PIP joint angle, the DIP
joint angle was not expressed. The only colored area shows the delivered force to the fingertip in the
workspace of the proposed structure. The applied force to the fingertip,Ftip, is highly dependent on
the joint angles of the finger; as the joint angles increase, the fingertip force is also decreased. As
the finger flexed, the angle between the actuator module and the normal direction of the fingertip is
increased, and the normal force of the fingertip is decreased. Without the PIP joint motion, the force
at the fingertip is decreased from maximum 3.5 N to 1.5 N according the MCP joint angle. Also,
without the MCP joint motion, the force is also decreased according to the change of the PIP joint
angle. Since the normal direction of the fingertip is more dramatically changed due to both PIP and
DIP joint motion, the decrease of the force by the change of the PIP joint angle is larger than that
by the change of the MCP joint angle.
2.1.4.2 Force Transmission Experiment
The performance to transmit the force feedback to the fingertip was also tested using the prototype
of the exoskeleton system. A wearing part of the fingertip wasrevised to attach a load cell(CLS-
20NA, TML [67]) at the bottom part as shown in Fig. 2-22 (a). The normal force applied to the
fingertip was measured when the force feedback is generated by the actuator module. Figure 2-22
(b) shows the setup of the force transmission experiment: a subject wearing the system made three
finger postures ((DIP, PIP, MCP): (0, 0, 30), (0, 0, 45), (10, 15, 30) deg) 10 times, and 3 N force
was generated by the actuator module.
Figure 2-23 shows the experimental results; the solid dots and d shed lines represent average and
standard deviation, respectively. Similar to the results of the kinematic analysis in previous section,
the delivered force is reduced as the finger flexed. The amountof the transmitted forces were smaller
than those of simulation, which may be caused by the imperfect hardware manufacturing such as
joint friction. As expressed in results of the kinematic analysis and the experiment, the fingertip
force is decreased as the joint angles of the finger increased.
2.1.5 Summary
In this section, a wearable hand exoskeleton system with force-controllable actuator modules was
developed. The linkage structure with 3 DOF and large ROM wasdesigned by inspiring the finger
anatomy. The fingertip workspace of the linkage structure was kinematically investigated and com-
pared to the that of the functional ROM. Since the workspace of the proposed structure satisfy 90%
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Load cell
(a) A modified fingertip part
Load cell attached at the fingertip
Force measurement program
(b) Experimental setup
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PIP 0 0 15
MCP 30 45 30
Posture
Figure 2-23: Normal force at the fingertip in experiment
of that of the functional ROM, it is verified that the user can make the most of the required postures
to interact with objects. For the actuator modules, SEA mechanism which consists of the actuator
and elastic element was applied. Considering the required stiffne s and actuator module, the spring
was designed manually. The measurement experiment of the contact force when the subjects grasp
the object was conducted to determine the maximum force of the actuator. The motor friction was
eliminated through the friction compensation algorithm tolinearize the motor model, and DOB was
applied to achieve accurate force mode control even with theuman motion. Since the compact ac-
tuator modules were attached to the dorsum of the hand, the user can move the hand and arm freely.
The actuator module generated the desired force accuratelyev n with the stationary and arbitrary
finger motions. However, the normal fingertip force was smaller than the generated on due to the
drastic change in the normal direction of the fingertip as thefinger is flexed.
2.2 A Wearable Hand Exoskeleton System with Finger Motion Mea-
surement and Force Feedback
In previous study, since the finger structure is very complexto be worn on all phalanges, full joint
ROM was not guaranteed and the transmitted force to the fingertip is distributed to other phalanges
through the structure. With the proposed structure, the users with various hand sizes could not
wear the system. In addition, the previous research focusedonly on the force feedback to the hand.
However, in order to manipulate a virtual object, the finger motions should be measured. Although
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the system was designed with high wearability and portabiliy, t was not verified by the experiment.
Therefore, a wearable hand exoskeleton was developed consideri g these problems.
Since the finger structure was designed as a structure in which two bent links are connected
by one rotational joint and it is worn only by the fingertips unlike the previous system, full joint
ROM can be guaranteed while minimizing the collision between links and the users with various
hand sizes can use the system without replacing the parts. Additionally, the force is transmitted to
only the fingertip through the fingertip structure and the each joint angles was measured by using
the fingertip position and the finger length. Since the finger motion measurement and the force
feedback were simultaneously implemented, interaction performance with VR was also evaluated.
Furthermore, although the system wearability and portabili y was described by only qualitative
description in previous study, the system performance was also evaluated by UX evaluation in this
study.
Thus, in this section, a wearable hand system with finger motion measurement and force feed-
back for VR is researched. The system has simple structures worn on the fingertips and palm and
guarantee full ROM for natural finger motions. In addition, the finger structure can be worn on a va-
riety of finger lengths without replacing the links. The system measure 5 DOF motion of the thumb,
4 DOF motion of the index and middle finger after only one calibr tion posture unlike previously
developed systems. The forces are controlled by an the robust control algorithm to compensate the
uncertainties arising from the interaction with the user. The system performance for finger motion
measurement and interaction with VR was verified by the experiment.
2.2.1 Design of the Exoskeleton System for VR
Figure 2-24 describe the system characteristics. The system for the hand was designed as shown in
Fig. 2-24 (a), and its weight and size are488 g and120×230×80mm3, respectively. The system is
worn on only fingertips of the thumb, index and middle fingers,which are important to interact with
the environment and objects [68–70]. The finger linkages andmotors for the ring and little fingers
were not added for reducing the system weight. The finger structure for the index and middle finger
has one active joint controlled by the motor for force feedback nd 4 passive joints for free motions
as shown in Fig. 2-24 (b). The finger structure for the thumb has one more passive joint than that for
index finger to guarantee S/P motion. Hall sensor and magnet module is attached to each joint for
measuring the fingertip position with respect to the motor shaft. Since the finger structure consists of
two bent links with one rotational joint, the users with various hand sizes can use this system without
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(c) Adaptable to different hand sizes
Long Short
(b) Finger structure
One active joint 
(One hall sensor measures F/E)
4 passive joints
(3 hall sensors measure  F/E, A/A)













Figure 2-24: Design of the exoskeleton system for VR
43
replacing the links as shown in Fig. 2-24 (c). The electric motors (DCX 16S, Maxon motors [71],
finger structures and even a system controller are located ondorsum of the hand, thus, the user can
move the arm and wrist freely without any restriction. For better wearability, the structures for the
fingertips and palm were made as the clicking structure for wearing the fingertip and adjusting the
size easily as shown in Figs. 2-24 (d). Moreover, the siliconmaterial is coated on the wearing part
for comfortable fit to the user.
2.2.2 Finger Motion Measurement
The systems for finger motion measurement, especially jointangle measurement of the fingers, has
been actively researched. Most of the wearable glove-type sstems are using cables and strain or
bending sensors [72–76]. However, since their performancedepends highly on the alignment of
the sensor and joint, the sensor position should be adjustedwell whenever wearing the systems.
In addition, more than two calibration postures are required b fore finger motion measurement,
resulting in longer preparation time. To achieve high wearability and functionality, a finger motion
measurement algorithm using only one calibration posture was developed although the system is
worn on only the fingertip and the palm.
2.2.2.1 Workspace of the Fingertip
Since hall sensors embedded in the structure measure the rotation angle of the joints, the finger-
tip position with respect to the motor can be calculated by the forward kinematics. The required
parameters for calculating the forward kinematics of the finger structure for the thumb and index
finger are shown in Fig. 2-25 (a) and (b), respectively. The lengths (l1 ∼ l6) and angles (α, β) of the
links were optimized manually to satisfy various hand size and free finger motions. To guarantee 3
DOF motions of index and middle fingers, active rotational joint θ1 and passive jointsθ2 ∼ θ4 were
introduced and their angles were measured by embedded hall sensors. In addition,θ5 is added to
support S/P motion of the thumb.
Based on the finger structure, the fingertip workspace of the ind x finger and the finger structure
was simulated as shown in Fig. 2-25. The ROM of each joint is from -90◦ to 90◦ in the simulation.
Furthermore, the finger joint ROM in F/E motion is± 90 ◦ and in A/A motion is± 30 ◦. The
workspace of the designed structure shows much larger that of the human finger motions. Therefore,
























































(b) Finger structure for the index and middle fingers






Finger movement                     Exoskeleton movement
(a) A/A motion (b) F/E motion
Figure 2-26: Fingertip workspace of the index finger
2.2.2.2 Calculation of Fingertip Position
The fingertip position of the index finger with respect to {0}th frame is calculated using forward
kinematics as follows:
Px0 = l1 cos θ1 + l2 cos(α+ θ1) + l3 cos(α+ θ1 + θ2) + l4 cos(α+ θ1 + θ2) cos θ3
+l5(− sin β sin(α+ θ1 + θ2) + cos β cos(α+ θ1 + θ2) cos θ3)
+l6(− sin(β + θ4) sin(α+ θ1 + θ2) + cos(β + θ4) cos θ4 cos(α+ θ1 + θ2))(2.25)
Py0 = −(l4 + l5 cosβ) sin θ3 + l6 cos(β + θ4) (2.26)
Pz0 = l1 sin θ1 + l2 sin(α+ θ1) + l3 sin(α+ θ1 + θ2) + l4 sin(α+ θ1 + θ2) cos θ3
+l5(sin β cos(α+ θ1 + θ2) + cos β sin(α+ θ1 + θ2) cos θ3)
+l6(sin(β + θ4) cos(α+ θ1 + θ2) + cos(β + θ4) cos θ3 sin(α+ θ1 + θ2)) (2.27)
wherePx0, Py0, Pz0 are the index fingertip positions with respect to {0}th frame in the direction
of x, y andz axes, respectively. The fingertip position of the middle finger could be calculated in
the same equations. In addition, the thumb tip position withrespect to {0}th frame is calculated as
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follows:
P thx0 = l1 cos θ1 + l2 cos(α+ θ1) + l3 cos(α+ θ1 + θ2) + l4 cos(α+ θ1 + θ2) cos θ3
+l5a(− sin β sin(α+ θ1 + θ2) + cos β cos(α+ θ1 + θ2) cos θ3))
−l5b(sin θ3 sin θ4 cos(α+ θ1 + θ2) + cos θ4(sin β sin(α+ θ1 + θ2)
− cos β cos θ3 cos(α+ θ1 + θ2)))
−l6 cos θ5(sin θ3 sin θ4 cos(α+ θ1 + θ2)− cos θ4(cos β cos θ3 cos(α+ θ1 + θ2)
− sin β sin(α+ θ1 + θ2)))
−l6 sin θ5(sin β cos θ3 cos(α+ θ1 + θ2) + cos β sin(α+ θ1 + θ2)) (2.28)
P thy0 = −(l4 + l5a cos β + l6 sin β sin θ5) sin θ3
−(l5b + l6 cos θ5)(cos β sin θ3 cos θ4 + cos θ3 sin θ4) (2.29)
P thz0 = l1 sin θ1 + l2 sin(α+ θ1) + l3 sin(α+ θ1 + θ2) + l4 sin(α+ θ1 + θ2) cos θ3
+l5a(sin β cos(α+ θ1 + θ2) + cos β cos θ3 sin(α+ θ1 + θ2) cos θ3)) (2.30)




z0 are the thumb tip positions with respect to {0}
th frame.
In case of the index finger, since the finger joint angles should be calculated from the MCP joint,
the reference frame is changed from the motor shaft to the MCPjoint, i.e., from the {0}th frame
to the {1}st frame. lk, which is the distance from the rotational joint at the motorto MCP joint, is
assumed to be constant because all users wear the system in the same way. Thus, the finger joint
estimation algorithm can be calculated based on the fingertip position with respect to the MCP joint.
In case of the thumb, the method to convert the fingertip position with respect to {0}th frame to that
with respect to the CMC joint was researched in next section.
2.2.2.3 Calibration Process
Before measuring the finger motions, a calibration process is required to obtain the finger lengths
of the user. The user opens between the thumb and index finger,and closes between the index
and middle finger while extending all fingers during the calibr tion process. When a user poses
this calibration posture, the system captures the lengths of three fingers using forward kinematics.
Since the fingertip structure is worn on the distal phalanx, the length of the distal phalanx was not
considered. As the ratio of the lengths of the proximal and midle phalanges is5 : 3 [77], the length
of each phalanx can be estimated. Using the obtained phalanxlengths, the fingertip positions with
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respect to MCP joint are converted to the finger joint angles through the proposed algorithm.
2.2.2.4 Joint Angle Measurement of the Index Finger
The fingertip position with respect to the MCP joint can be converted to the 3 DOF of F/E motion
and 1 DOF of A/A motion through the joint angle estimation algorithm.
The A/A angle of the MCP joint can be measured easily using position of the fingertip shown








To calculate F/E angles, the frame of the fingertip position should be converted into {2}nd frame
to eliminate the effect of A/A motion. Additionally, since the DIP joint angle is coupled with the
PIP joint due to the musculoskeletal structure [78], the DIPjoint angle is estimated to be2/3 of the
PIP joint angle [66]. Thus, MCP and PIP joint angles in F/E direction can be calculated by inverse




































wherePx2, Py2 andPz2 are the positions with respect to {2}nd frame in the direction ofx, y and
z axes, respectively, andL1 andL2 are obtained lengths of proximal and middle phalanges in the
calibration process.
However, inverse kinematics cannot be applied to estimate joint angles because of the high
sensitivity to the position errors as shown in Fig. 2-27. Figure 2-27 (a) shows the fingertip positions
with measurement errors. By using the equations (2.32) and (2.33), the estimated MCP and PIP joint
angles were compared with the desired angles as shown in Fig.2-27 (b). However, the estimated
joint angles show very high errors according to the noise. Itis because the result value of inverse
cosine has 0∼90◦ angle range according to the 0∼1 input data change.
Therefore, another finger motion measurement method is proposed as follows. As shown in
Fig. 2-28,P(n) is the measured fingertip position by the forward kinematicsandP
′
(n) is the calcu-
lated fingertip position by the proposed method. If the fingertip position changes (Fig. 2-28 (a) and







(a) Fingertip position with measurement errors



































(b) CMC joint angle in F/E motion
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Figure 2-28: Estimation algorithm of the finger joint angles
the (n-1)th cycle (Fig. 2-28 (c)). By combining possible MCP and PIP joint a gles, total nine can-
didates of fingertip positions are calculated. Finally, thecalculated fingertip position (P ′(n)) which
has the minimum distance with the measured fingertip position (P(n)) is selected as the solution of
the nth cycle as shown in Fig. 2-28 (d). Thus, the MCP and PIP joint angles of theP ′(n) are the
estimated finger joint angles in ()th cycle. The joint angles of the middle finger are also estimated
by the same algorithm.
The angle change of1◦ and the sampling time of the system (1 ms) can cover natural speed of
finger motions, considering the bandwidth of fast finger motion (4 ∼ 8 Hz of writing, typing and
tapping) [79].
2.2.2.5 Joint Angle Measurement of the Thumb
Although the thumb has very complex motions, previous studies indicate that A/A and S/P motions
of the MCP joints are very limited and not significant( [80–82]). Thus, Therefore, the kinematic
model of the thumb consists of 5 DOF motions which have F/E, A/A, S/P motions at CMC joint,
F/E motion at MCP and IP joints and the structure for the thumbhas one more passive joint than that
for other finger. In addition, the motor for the thumb was placed in consideration of the workspace
of the thumb rather than the position of the CMC joint, thus, it was not possible to separate A/A and
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Table 2.3: Orientation angle of the trapezium
Flexion (◦) Abduction (◦) Pronation (◦)
Mean 46 35 82
Range 40-53 25-43 75-89
Median 48 38 80
F/E motion through frame conversion similar to the algorithm for the index finger. Therefore, a new
algorithm was developed to measure joint angles of the thumbaccurately.
Similar to the angle estimation for the index finger, previous studies on the thumb motions was
investigated to check the relationship between joint angles. Several researchers indicated that a
muscle, called as flexor pollicis brevis, covers the CMC and MCP joint together and the F/E angle
of the MCP joint depends on that of the CMC joint( [80,81]). Additionally, S/P motion of the thumb
is coupled with the F/E motion of the CMC joint, thus, it is estimated as 0.9 of the F/E angle of the
CMC joint( [80, 82]). By using the joint angle relationships, the fingertip position candidates and
corresponding computational load could be minimized.
To convert the thumb tip with respect to the motor to that withrespect to the CMC joint, not only
the position but orientation of the CMC joint are required. The CMC joint position with respect to
the hand exoskeleton was set as a constant vector due to same wearing method despite of various
hand sizes. In case of CMC joint orientation, the researchers ave been studied the orientation angle
determined in ten cadaver hands [83]. They attachedT -shaped markers to the first metacarpal of
the thumb, and proximal phalanges of the index and middle fingers and measured the tilted angles
of the thumb with respect to the third metacarpal.
Table 2.3 shows the orientation angle of the trapezium whichconsists of the CMC joint. Al-
though the cadaver hand has relatively high flexion angle andpartially flexed hand posture, the
finger joint angles generally measured based on the full extended posture. Thus, the median values
of orientation angles obtained from cadaver hands were converted to0◦ of flexion,38◦ of abduction,
and36◦ of pronation using the joint angle relations.
Therefore, the thumb tip position with respect to the motor culd be converted to that with
respect to the CMC joint using the CMC joint orientation (RC) and tilted motor angle (RM ) with
respect to the dorsal of the hand and position difference vector between the motor and CMC joint
position (TrC) as following.
Ptip,C = RC(R
−1
M Ptip,C + TrC) (2.34)
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Figure 2-29: The estimated F/E angle of CMC joint with a consta t CMC joint orientation
Since this method used a constant CMC joint orientation, theestimation algorithm is very sim-
ple. However, as shown in Table. 2.3, the CMC joint has wide ori ntation ranges with13◦ range
of flexion, 18◦ range of abduction, and14◦ range of pronation. The estimated joint angles were
not accurate accordingly when they compared to the measuredangle by the camera-based motion
capture system as shown in Fig. 2-29. Consequently, the CMC joint orientation of each user should
be measured and applied to the algorithm.
Figure 2-30 (a) shows the CMC joint orientation at the calibrtion posture. The orientation of
the thumb tip at the calibration posture where all the thumb joints are extended coincides with that of
the CMC joint axis. Thus, the measured orientation of the thumb tip is used to convert the fingertip
position of the thumb with respect to the motor to that with respect to the CMC joint.
As shown in Fig. 2-30 (b), the fingertip calculated by forwardkinematics of the structure is the
thumb tip positionP0 with respect to the{0}th frame and it is the same with the origin of the{1}st
frame. Then, assume that there are two more positions calledasQtip andRtip. Qtip andRtip are the




































(b) Parameters for the thumb structure
Figure 2-30: Thumb structure in calibration posture
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They are also can be expressed with respect to the{0}th frame as follows:
Ptip = 0î1 + 0ĵ1 + 0k̂1
= Px0 î0 + Py0ĵ0 + Pz0k̂0 (2.35)
Qtip = 0î1 + 1ĵ1 + 0k̂1
= Qx0î0 +Qy0ĵ0 +Qz0k̂0 (2.36)
Rtip = 0î1 + 0ĵ1 + 1k̂1
= Rx0 î0 +Ry0ĵ0 +Rz0k̂0 (2.37)
By using these three positions,Ptip, Qtip, andRtip, the rotation matrix[R] between{0}th frame
and{1}st frame was calculated in the calibration process as follows:
[î1 ĵ1 k̂1]
T = [î0 ĵ0 k̂0]
T [R] (2.38)
Then, the length of the thumb (10f ) was calculated using the estimated CMC joint position accord-
ing to the system design and the CMC joint position of the userwas determined to be located at a
distance of the thumb length in the direction of− x1-axis from the fingertip. The{2}nd frame with
the CMC joint as the origin was determined, and the thumb tip can be expressed as the position with


















































where[T ] is the translation vector from{0}th frame to{1}st frame. Through the calibration process,
the matrix[R] and vector[T ] are measured and the fingertip position with respect to{0}th frame by
forward kinematics is simultaneously converted to the position with respect to{2}nd frame. Thus,
as with the algorithm for the index finger, the joint angles ofthe thumb are also calculated based on
thumb phalanx lengths and the fingertip position with respect to the CMC joint.
Since F/E motion of the MCP joint and S/P motion of the CMC joint depend on the F/E joint
of the CMC joint, the independent motions among 5 DOF are A/A motion of CMC joint and F/E
motions of CMC and IP joints. Thus, three independent angleswere obtained through the estimation
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Figure 2-31: Overall control algorithm of the hand exoskeleton system for VR
algorithm used for motion measurement of the index finger. Although there are 2 unknown angles
in case of the index finger, there are 3 unknown angles in case of the thumb and total 27 position
candidates are considered. The fingertip position with respect to the motor is converted to that with
respect to the CMC joint by applying the matrix[R] and vector[T ], and the fingertip position is
converted to the 5 DOF of finger joint angles through the estimation algorithm using 27 position
candidates.
2.2.3 Force Feedback
The overall control algorithm for generating the force feedback is shown in Fig. 2-31. The proposed
control algorithm is divided into a high-level and low-level controllers. In the high-level controller,
the fingertip position is calculated using the hall sensor data. When an virtual object is realized, and
its position and physical properties are already known by the virtual environment. Thus, the desired
interaction force is calculated through the interaction force generation algorithm using the fingertip
position and virtual object information. In the low-level controller, a PI controller with DOB, which
is the mostly used as a robust control algorithm, was appliedfor compensating the uncertainties
from the user. The motors for force feedback are generate theforc feedback accurately by the high
and lower controller and the force feedback is transmitted to the user’s hand.
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MCP PIP DIP
Figure 2-32: Fingertip position measurement performance
2.2.4 Experimental Verification
2.2.4.1 Measurement of the Fingertip Position
The performance experiment of the fingertip position measurement was conducted to verify the
measurement accuracy using the commercialized motion capture system. As a reference system to
compare with the proposed system, a motion capture system (Optitrack, Prime 13 [84]) which has
position accuracy in three dimension of0.8 mm. The markers for the motion capture system were
attached to the MCP joint and fingertip structure for tracking the fingertip position with respect to the
MCP joint. Therefore, the fingertip trajectory with respectto MCP joint captured by the reference
system is compared to that measured by the hand exoskeleton system using forward kinematics
of the proposed structure. Figure 2-32 shows the fingertip trajectories measured by the motion
capture system and the proposed system. The fingertip trajectory measured by the proposed system
is closely matched to that of the motion capture system with amaximum distance of 6 mm.
2.2.4.2 Pinch Motion
The proposed system measures the fingertip positions firstlyand converts the fingertip position to
the finger joint angles through the joint estimation algorithm. The accuracy of the fingertip position
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was verified in previous experiment and the maximum error of the position measurement at the
fingertip was about6 mm. Since the measurement of the fingertip position eventuallyaffects the
pinch motion and the pinch motion is a dominant posture amongthe precision grasps [85], the
fingertip position measurement performance was also verified by the pinch motion experiment using
the thumb and index finger before the experimental verification of the joint angles. Fig. 2-33 shows
the experimental setup and results of the pinch motion usingthe thumb and index finger. As shown
in Fig. 2-33 (a), the pressure sensor was attached to the fingertip structure of the thumb and its signal
is increased when the pressure is applied. The sensor signaland the distance between the fingertip
structures of the thumb and index finger were measured duringpinch motion to confirm that pinch
motion was captured by this system well.
Fig. 2-33 (b) shows the sensor signal and the distance between t o fingertips. When the distance
between the thumb and index fingertips is closer than45 mm, the signal of the pressure sensor
is dramatically increased. Since the fingertip distance wasmeasured based on the center of the
fingertip structure, the distance of45mm was made by the thickness of the structure. It was found
that the distance between the fingertips, that is, the position of the thumb and the index finger, were
measured constantly, as the distance between the fingertip structures maintained about45mmwhen
the sensor signal was increased even in several trials. Therefor , the pinch motion using the thumb
and index finger was captured successfully using the proposed system.
2.2.4.3 Estimation of Finger Joint Angles
The performance of the finger joint angle estimation was verified by comparing with a motion
capture system. The markers were attached to the palm and MCP, PIP joints to capture the joint
angles of the index finger. Simultaneously, the finger joint angels were measured by the proposed
system. Fig. 2-34 shows the experimental results of joint angles for the index finger. Finger joint
angles obtained by the proposed system are similar to those by the motion capture system. Since
the DIP joint angle was estimated by the PIP joint angle in this system, the MCP and PIP joint
angles were only experimented. The root mean square errors (RMSE) of the MCP joint angles in
F/E and A/A motion, and PIP joint angle in F/E motion are approximately2.03◦, 2.45◦ and3.20◦,
respectively. As the just noticeable difference (JND) of positi n sensing resolution of MCP and
PIP joints are about2.5◦ [86], the joint angle accuracy of the proposed system is acceptable for VR
applications.






Figure 2-33: Pinch motion experiment
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(a) MCP joint angle in F/E motion















Proposed system Motion capture system
(b) MCP joint angle in A/A motion
(c) PIP joint angle in F/E motion






(b) CMC joint angle in F/E motion
(c) CMC joint angle in A/A motion
(d) IP joint angle in F/E motion
Figure 2-35: Measurement experiment of the thumb joints
60
verified using the motion capture system. Fig. 2-35 shows theexp rimental results of joint angles
for the thumb. Since other motions were coupled with the CMC F/E motion, the 3 independent
motions (i.e., CMC F/E, CMC A/A, IP F/E motions) among the 5 DOF motions were verified in
this experiment. The markers were attached to the palm and each metacarpal and phalange. The
finger joint angles measured by the proposed system are very similar to those by the motion capture
system. The RMSE of the CMC joint angles in F/E and A/A motionsa d that of the IP joint angle in
F/E motion are2.57◦, 2.42◦, and3.06◦, respectively. Thus, it was verified that the proposed system
captures accurately the joint angles of the thumb and index finger.
2.2.5 Summary
In this section, a wearable hand exoskeleton system with finger motion measurement and force feed-
back for VR was developed. The finger structure is worn only onthe fingertips and palm for high
wearability and guarantee full ROM for natural finger motion. The system measure 5 DOF motion
of the thumb, 4 DOF motion of the index and middle finger after only one calibration posture un-
like previously developed systems. In addition, the forcesare controlled by an algorithm, which is
robust to the uncertainties arising from interaction with the human. The system was implemented
and evaluated the performance of the finger motion measurement and interaction with VR for ver-
ification of the functional requirement. Thus, the experimental results showed that the developed
system measure the finger motions accurately.
2.3 User Experience (UX) Evaluation
2.3.1 Introduction
The proposed system was evaluated in physical perspective in previous section. However, the sub-
jective factors such as wearability and portability could not be evaluated by physical evaluation
method although they are important factor as a haptic system. Thus, the performance of the subjec-
tive factors of the proposed system were evaluated in this section.
Various wearable hand systems have been developed as hapticsystems for VR. Since they were
developed for human use, both the performance of the system its lf and its interaction with the user
should be considered. Therefore, it is important to consider th evaluation methods and perform
experiments accordingly, verifying the interaction performance of the system with the user to allow










Evaluation of a haptic interface
The system loop including a humanSystem itself
Figure 2-36: Evaluation of a haptic interface [21]
It is necessary to investigate the performance criteria used to valuate wearable hand systems for
VR. The environment for evaluating the haptic interface is divided into two parts: the system itself
and the system loop including a human as shown in Fig. 2-37. The performance of the system itself
is verified in physical evaluation experiments. The method for evaluating the performance of the
interaction between the system and the user can be divided into psychophysical evaluation, which
is a physical evaluation, and user experience (UX) evaluation, which is a subjective evaluation.
For the psychophysical evaluation, the quantitative relationship between the force feedback and the
corresponding sensation and perception of the user [87] wasdetermined. For the UX evaluation, the
subjective evaluation of the subject using the system was obtained.
Most wearable hand force feedback systems have been evaluated in terms of their physical per-
formance with respect to force feedback and finger motion measur ment; these parameters represent
the performance of the system itself. Rutgers Master II is a haptic interface developed for interac-
tion with VR [8]. Researchers have measured the performanceof the finger motion measurement
and force generation, such as maximum force, sensor resolution, and finger workspace, by conduct-
ing physical experiments. The performances were compared with those of the CyberGlove with
CyberGrasp [5], which are the most well-known wearable force feedback systems that have been
commercialized for VR. However, this physical evaluation is insufficient for assessing the system
because the interaction performance is not considered.
In previous studies, the verification of the interaction performance (such as psychophysics and
UX) of wearable cutaneous systems was conducted. Murrayet l. applied the psychophysical eval-
uation to a wearable vibrotactile glove which has five miniature voice coils [88]. They obtained the
psychophysical relation between vibrotactile stimulation and perceived magnitude, and performed
telemanipulation experiments to evaluate the system effectiveness. Maistoet al. evaluated wearable
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haptic systems for the fingers by writing, pick and place, andball balancing tasks [89]. Fourteen
subjects were performed tasks with five different feedback conditions and the completion time,
force magnitude, and perceived effectiveness were measured. They validated that the user wear-
ing the haptic device for the fingertip shows better performance than the user without the system.
Prattichizzoet al. evaluated a 3 DOF wearable haptic interface through curvatre discrimination ex-
periment [90]. The subjects with the cutaneous feedback device distinguished smoother curvature
that those without the feedback. In addition, they verified that the system is highly wearable and
easy to use through the UX survey.
Although the evaluation of the interaction performance hasbeen actively conducted for the
wearable cutaneous systems, there are few studies to assesswearable hand kinesthesis systems.
The interaction performance of the wearable hand force system was evaluated in terms of the
psychophysical and UX perspectives. The evaluation of haptic interfaces is divided into physi-
cal, psychophysical, and UX evaluations. The evaluation criteria and experimental environments
were determined considering the characteristics of the system. The quantitative results of the psy-
chophysical evaluation was verified by comparing them with those of other haptic devices and hu-
man perception threshold. The results of the UX evaluation were analyzed with the opinions from
the subjects. In this research, the subjective evaluation usi g UX evaluation was only considered
for evaluation of the haptic interface.
2.3.2 Virtual Reality Program
To use and evaluate the proposed system, VR environment suitable for the proposed system perfor-
mance was needed. Therefore, a VR which meets the characteristi s of this system was developed
using UNITY andC# programming.
Figure 2-41 (a) shows the developed VR visual interface. When t calibration button in the
upper left corner of the interface is clicked, lengths for the umb, index and middle fingers are
measured. Then, as soon as the calibration process is completed, the finger motions are measured.
The finger joint angles are applied to the virtual hand model to show the finger motions measured
by the hand exoskeleton system simultaneously. Since the syst m does not measure motions of the
ring and little fingers, the rest fingers of the virtual hand moves along with the middle finger.
A virtual sphere was introduced to generate the force feedback from VR, which was designed
to have three levels of stiffness (i.e., zero impedance, soft object, and hard object). When the
control buttons for various stiffness in visual interface wre clicked, the corresponding stiffness was
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Figure 2-37: VR program
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Figure 2-38: Evaluation framework for wearable devices
implemented. In case of a soft object, the magnitude of the force increased from the surface to the
center of the object. In case of a hard object, the sudden and co stant force was applied from the
object surface. However, since sudden changes in force magnitude might make the system unstable,
an algorithm smoothing the force profile was researched.
As the distance between fingertip and center of the sphere decr ases, no force was applied to
the fingertip until the fingertip reaches the surface. When thfingertip touches the sphere’s surface,
discontinuous forces should be applied to realize the soft and hard object as shown in Fig. 2-41
(b). To make the system stable, a transition region was set tochange discontinuous force profile to
continuous profile. Thus, a hyperbolic and quadratic equation were introduced to the hard object
and soft object condition, respectively.
2.3.3 Evaluation Framework for Wearable Hand Systems
The UX is defined as a person’s perceptions and responses to the use and/or anticipated use of
a product, system or service [91]. Various methods (e.g., lab studies, field studies, surveys, and
expert evaluations) have been used, and especially, the surv y method is particularly frequently
used because it is easy to implement and data can be obtained quickly for many subjects [92]. Many
UX survey methods have focused on evaluating software interfac s or graphical user interfaces [93].
UX evaluation methods for physical user interfaces, especially for wearable hand systems, have not
been well-researched. A previous paper which proposed a UX evaluation framework for wearable
devices was deeply investigated for UX evaluation of this haptic system [22] and Figure 2-39 shows
the proposed framework.
The UX evaluation framework suggested the essential components of the UX evaluation ex-
periment. The evaluation framework consists of three components: context of use, system design
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space and evaluation factor. Context of use refers to external factors which can affect to the evalua-
tion results, system design space refers to the components of the system, and UX evaluation factor
refers to the items of the system to be evaluated. The contextof use is a combination of the user,
task, device, and environmental factors. Since the UX evaluation is subjective assessment, these
factors influence the perception of, and experience of using, the system. Thus, they should be con-
sidered deeply when designing the experiment. The context of use for the evaluation experiment
will be described in next section. The system design space isdivided into physical and functional
design spaces. The physical design space is the external area th t physically interacts with the user
and consists of input parts, output parts, and body and structure. Since input and output parts are
actually connected parts with the user, they are more important than the body and structure. The
functional design space is the embedded functions that is required to realize the system’s purpose
and consists of user interface (UI), application and specificat on. Since most of wearable devices
interact with the user using screen, graphical user interfac is considered as a factor of functional
space. Application refers the embedded softwares in the devices and specification refers the physi-
cal functions such as battery operation time, storage capacity, nd so on. Regarding to the evaluation
factor, usability is composed of ease of use, learnability,and wearability, which together represent
the subjective characteristics of the system, and user value is composed of utilitarian, hedonic and
aesthetic values which the user can receive while experiencing the system. Utilitarian value is the
user’s experience when utilizing the system and hedonic value is to the subjective feeling of using
the system. In addition, aesthetic values refers a user’s feeling when the user just watch the device.
The proposed UX evaluation framework was designed for the wearable devices. However, the
evaluation framework should be revised according to the characteristics of the system although this
system is also a wearable device. Figure 2-40 shows the revised framework for wearable hand
system for VR.
In case of this system, since a fingertip structure is responsible for the measurement (input) and
feedback (output), the physical space consists of two partsas fingertip structure and the structure on
the palm. Additionally, the finger motion measurement and force feedback, which constitute two
major functions of the system, belong to the functional space component.
Regarding to user value in evaluation factor, hedonic and aesthetic values were excluded to
assess the user value of the system. Hedonic value is highly related to the VR contents, which
are not considered in the development stage and aesthetic values was also not considered, such as
the appearance of the system, when designing the prototype.Thus, total eight statements for four
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Figure 2-39: Evaluation framework for wearable hand systemfor VR (revised from [22])
Table 2.4: Familiarity with VR devices
Q1
How many hours have you used VR devices?
Below 1 h 1 h∼5 h More than 5 h
8 6 1
Q2
Interest in VR technology and wearable devices
High Medium Low
6 6 3
evaluation factors (ease of use, learnability, wearability, utilitarian value) were designed for the UX
evaluation by reference to previous studies( [94–96]). Allstatements and satisfaction scores were
evaluated using a 7-point Likert scale, with high scores indicating a positive attitude toward the
system. Additionally, the statements were randomly ordered to eliminate the influence between
questions.
Similar to UX evaluation factor, the satisfaction score forsystem design space was assessed
to capture the influence of the system design on the evaluation factor. After responding to all
statements, each subject was asked to write down the reasonsunderlying their highest- and lowest-
scoring statements. The subjective comments about the systm were used in analysis of the UX
results.
2.3.4 Experimental Setup
The context of use mainly considered such as the user, task, device and environment. The UX
experiment was conducted under laboratory conditions for sh t-time experiment. A total of fifteen
right-handed subjects (eleven males, four females) participa ed in the UX experiment. They were
all undergraduate students aged20 ∼ 26 (23.6 ± 2.0) with hand sizes17 ∼ 20 cm; this range
covers about80 % of South Korean adults aged between20 and60 years old [97]. Moreover, since
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the degree of experience in using VR devices could affect theUX results, the subjects answered two
questions pertaining to their familiarity with VR devices to, as shown in Tab. 3.2. Many subjects
had used VR devices for less than 1 hour and most of the subjects r ported a high or medium level
of interest in VR technology and wearable devices.
Before the subjects experiences the proposed system for VR,a description of its purpose, char-
acteristics and performance was provided for understanding the system and VR. After explaining
the system, the subjects pose the calibration posture and they moved their fingers more than five
times to obtain sufficient experience of the various levels of tiffness (i.e., zero impedance, hard
object, and soft object). Under the zero impedance conditioas shown in Fig. 2-41 (a), the users
could move their fingers easily without resistive forces andtheir finger motions were represented
simultaneously by the VR hand. Since the ring and little fingers do not captured by the system,
they show same motions with the middle finger. The conditionsof the resistive forces were divided
into hard and soft objects as shown in Fig. 2-41 (b). The stiffness of the objects were changed by
the control buttons and their stiffness were already determined experimentally. When the subjects
touch the virtual object (i.e., blue sphere), a constant resistive force was applied to the fingertip at
the object surface under the hard object condition, whereasa linearly increasing force was applied
under the soft object condition, from the object surface to its center. The virtual objects with various
levels of stiffness were realized by varying the slope of theincreasing force. The user completed
the questionnaire after feeling the zero impedance, hard and soft objects for a sufficient duration.
2.3.5 Result & Discussion
2.3.5.1 User Experience (UX) Evaluation
Table 2.5 lists the questionnaire statements of evaluationfactor. All statements, except those pertain-
ing to wearability, received scores exceeding 5.5 points onaverage, and it showed that the subjects
generally had a positive attitude toward the developed handsystem for VR. The scores of statement
Q4 andQ6 pertaining to the wearability of the device were 4.07 and 4.93, respectively. Although
their scores are also larger than the middle point (3.5) of the Likert scale, these statements typically
produced lower scores than other statements. The predominant opinion about the wearability was
that the system was heavy, and also that it was difficult to maintain the fingertips in close proximity
to each other due to the large fingertip structures of the device. The learnability statements produced
the highest scores, in accordance with the intuitiveness and simplicity of wearing and using the de-
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(a) Finger motion measurement
(b) Force feedback
Figure 2-40: UX experiment
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vice. Similar reasons were cited for the high scores on the eas of use factor. In addition, since even
the subjects who have experienced the VR system have used only the remote control type systems,
they responded positively to the system’s intuitiveness and force feedback and gave good grade to
the utilitarian value.
2.3.5.2 System Satisfaction
The satisfaction score for each design space parameter is shown in Tab. 2.6. The satisfaction score
for the system was is 5.87 out of 7 which shows relatively highscore. The scores for the physical
space parameters were relatively low because, as noted previously, the system was perceived as
being heavy and the fingertip structures were large. The satisfac ion score for the finger motion
measurement was high, because the accuracy was high and the devic control method is intuitive, in
contract to haptic devices with remote controls (e.g., Vivecontroller [48], Odyssey controller [47]).
Furthermore, the force feedback score was relatively high because most subjects find this to be an
intuitive feedback method, such that it enhances the sense of immersion.
2.3.6 Summary
The proposed system was evaluated by the UX perspective. Theevaluation criteria of haptic in-
terface were determined considering the characteristics of the proposed system. The experiments
for the psychophysical evaluation were conducted in the context of three perception modes: detec-
tion, discrimination, and identification. The quantitative results of the detection and discrimination
experiments verified that the interaction performance of the system was better than that of other
commercialized grounded systems, and force discriminatiothresholds were similar to those of
humans. In addition, the results show that most users could distinguish between three sizes and
three shapes, where the correct response rate and identification level exceeded90 % and 2.5 level,
respectively. For the UX evaluation, the evaluation framework was revised and a questionnaire
was designed using 7-point Likert scales, attitude toward its usability and utilitarian value. Many
users considered the learnability of the system as its greatest dvantage. In addition, since the pro-
posed system enables users to interact with a VR environmentvia an intuitive control and feedback
method, they were highly satisfied with the functional design. In addition to these advantages, the
users also reported some disadvantages, namely that the system was heavy and uncomfortable, and
that the force feedback sensation was different to the feel of r al objects.
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2.4 Summary
In this chapter, wearable hand exoskeleton systems for VR were proposed. In first research, a
wearable hand exoskeleton system with force-controllablectuator modules was developed. For
compact and light-weight system, a SEA mechanism consisting of the actuator and elastic element
was used. In control algorithm of the actuator module, the motor friction was eliminated through
the friction compensation algorithm to linearize the motormodel, and DOB was applied to achieve
accurate force mode control even with the human motion. Since the compact actuator modules were
attached to the dorsum of the hand, the user can move the hand and arm freely. The actuator module
generated the desired force accurately even with the stationary and arbitrary finger motions.
However, the previous research cannot measure finger motions and the normal fingertip force
was smaller than the generated on due to the drastic change inth normal direction of the fingertip
as the finger is flexed. In this section, a wearable hand exoskeleton system with finger motion
measurement and force feedback for VR was developed. The fingr structure is worn only on
the fingertips and palm for high wearability and guarantee full ROM for natural finger motion. The
system measure 5 DOF motion of the thumb, 4 DOF motion of the ind x and middle finger after only
one calibration posture unlike previously developed system . In addition, the forces are controlled
by an algorithm, which is robust to the uncertainties arising from interaction with the human. The
system was implemented and evaluated the performance of thefinger motion measurement. Thus,
the experimental results showed that the developed system measure the finger motions accurately.
The proposed system was evaluated by the UX perspective. Theevaluation criteria of haptic
interface were determined considering the characteristics of the proposed system. The experiments
for the psychophysical evaluation were conducted in the context of three perception modes: detec-
tion, discrimination, and identification. The quantitative results of the detection and discrimination
experiments verified that the interaction performance of the system was better than that of other
commercialized grounded systems, and force discriminatiothresholds were similar to those of
humans. In addition, the results show that most users could distinguish between three sizes and
three shapes, where the correct response rate and identification level exceeded90 % and 2.5 level,
respectively. For the UX evaluation, the evaluation framework was revised and a questionnaire
was designed using 7-point Likert scales, attitude toward its usability and utilitarian value. Many
users considered the learnability of the system as its greatest dvantage. In addition, since the pro-
posed system enables users to interact with a VR environmentvia an intuitive control and feedback
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method, they were highly satisfied with the functional design. In addition to these advantages, the
users also reported some disadvantages, namely that the system was heavy and uncomfortable, and
that the force feedback sensation was different to the feel of r al objects.
72
Table 2.5: Results of user experience (UX) evaluation
UX evaluation factor Statement No. Statement Avg. Std.
Ease of Use
Q1 The system was easy to use. 5.87 0.83
Q7 The system was simple to use. 6.40 0.51
Learnability
Q2 I think that most people could easily remember how to wear anduse the system. 6.60 0.51
Q8 I think that a novice can learn to wear and use the system quickly. 6.67 0.49
Wearability
Q4 I felt comfort while wearing the system. 4.07 1.03
Q6 The system guaranteed free movement of my hand and fingers. 4.93 1.53
Utilitarian value
Q3 I think the system is useful to manipulate objects in VR. 5.93 0.80
Q5 I think the system is effective to manipulate objects in VR. 6.00 0.76
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Table 2.6: Satisfaction scores of system design
Design space Avg. Std.
Overall system 5.87 0.92
Physical
Fingertip structure 5.33 1.11
Structure on the palm 5.13 1.06
Functional
Finger motion measurement6.00 0.93
Force feedback 5.60 1.06
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Chapter 3
A Spring-guided Hand Exoskeleton for
Continuous Passive Motion
3.1 Introduction
As discussed in Chapter 1, finger motion measurement, force feedback, high wearability, and porta-
bility are important factors for rehabilitation systems, awell as VR systems. However, previous
rehabilitation systems have not satisfied these conditionssufficiently. Most rehabilitation systems
for the hand have been developed using a variety of actuatorsnd ensors [14, 100]. Many sensors
and actuators allow the system helping the impaired body in various ways, but typically results in
complex and heavy systems. Thus, the patient feels uncomfortable due to the fixed parts to these
systems which are made as the desk- or splint-mounted systems to distribute the system weight. On
the other hand, to decrease the system load on the hand while maintaining functions using a lot of
sensors and actuators, cable mechanisms were usually applied to the hand rehabilitation systems
and the required parts were located on the outside of the systm. [101, 102]. Although this method
can decrease the system weight on the hand, the external box for the actuator and sensor modules
degrades the portability of the system.
In this research, a portable and wearable hand exoskeleton system for rehabilitation with finger
motion measurement and force feedback system was developed. Du to finger motion measurement
and force feedback functions, different to the exercise with the physical therapist, the patient’s
movement condition is measured as quantitative data in realtime. In addition, the force feedback
The contents of this chapter was published in [98]. Preliminary research results of the paper were published in [99].
Reprinted with permission from IEEE and Elsevier.
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can be adjusted according to the joint stiffness of the impaired part, different to the position control
system. Thus, since a spring mechanism for force feedback isadded to the system, it is possible to
adjust the deviated motion range and force magnitude based on the given trajectory by adjusting the
spring stiffness.
Moreover, subjective properties except safe were not generally focused for rehabilitation sys-
tems with high performance. However, since the hand is the most distal part among the upper limbs,
body parts which affect to the hand position (i.e., trunk, shoulder, elbow) may have some restrictions
when the grounded rehabilitation system is worn on the hand.This restriction may cause inconve-
nience to the patient, thus, the portable system should be developed for comfort rehabilitation. In
addition, the system with high wearability reduces short prepa ation time and reduce the fatigue
during rehabilitation exercise. The hand system with high portability and wearability enables high
repetitive and intensive exercise by the patient.
Continuous passive motion (CPM) is a frequently used rehabilitation method for patients by
stroke, surgery, and etc. In case of stroke patients, since they suffer from the muscle spasticity due
to neurologic deficits, about4 Nm torque is required for fully extended posture of the high tone
patients [15] and this large torque cannot be realized by thesmall size motor which could be put
on the dorsum of the hand. However, to develop a hand rehabilitation system of high wearability
and portability, the huge motor cannot be applied. Thus, in this research, a rehabilitation system
was developed for patients who want to maintain or recover thfull joint ROM without undesired
muscle contraction.
Therefore, in Chapter 3, a portable hand exoskeleton for exercising F/E motion of the fingers
using the spring mechanism was proposed. A 1 DOF structure satisfying motions of MCP and PIP
joint was proposed for exercising four fingers except the thumb. A hand F/E motion experiment was
conducted to investigate general finger motions by normal people and determine the finger trajectory
of the structure. The linkage structure design was optimized through the proposed optimization
algorithm using the user’s finger size and full ROM of the joint for effective exercise. Furthermore,
a spring is introduced and installed at the structure to generate guiding forces when the patient’s
fingers have some deviated motion. Therefore, the spring plays a role of physical passive impedance
and realize force control without a complex algorithm for foce mode control. The transmitted
torque by the spring at the MCP and PIP joint were investigated by finite element method (FEM).
Consequently, the experiments using the proposed rehabilitation system for finger motions and force
distribution was conducted for performance verification.
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3.2 The Exoskeleton Design
The proposed hand exoskeleton should assist the F/E motion of the patient’s fingers. Although
four fingers except the thumb typically have 4 DOFs including1 DOF of A/A motion, the A/A
motion did not focused on this research to reduce the system size. Furthermore, since the DIP joint
motion highly depends on the PIP joint motion, only the motions f the MCP and PIP joint were
considered. Thus, the exoskeleton of simple linkage structu e with a single motor was designed to
help the patient’s finger motions successfully.
Figure 3-1 shows how the linkage structure was designed for exercising F/E motions of the
finger. The linkage structure should guide the both MCP and PIP joints simultaneously as shown in
Fig. 3-1 (a). As the connecting links with the finger and the linkage structure and the linear motor
located at dorsum of the hand were introduced, each phalangeand the palm formed triangular plane
as shown in Fig. 3-1 (b). The linear motor was used to control the motion of the linkage structure of
the exoskeleton. Therefore, as the inclined angle of each plane is controlled by the linear motor, the
angles of MCP and PIP joint were consequently controlled. Since the four-bar linkage has 1 DOF,
the two four-bar linkages were designed to guide the MCP and PIP joint angles independently as
shown in Fig. 3-1 (c). With this design, two actuators were required to uniquely define the finger
posture. Thus, one joint angle at the proximal phalanx was fixed to decrease the structure DOF.
Finally, the system has only 1 DOF, and the PIP joint angles were d termined by the MCP joint as
shown in Fig. 3-1 (d). The proposed design guarantee naturalF/E motion of the MCP and PIP joint
with the single actuator of 1 DOF.
The detailed structure design which consists of two four-bar linkages (green and blue linkages)
is shown in Fig. 3-2. The angles of MCP and PIP joints were determined by the green and blue
links, respectively. In addition, the bent link with the fixed angle is included in both green and
blue links. The green link moves as the length of the motor strke increases, which in turn affects
the movement of the blue links. Therefore, since the bent link connects two four-bar linkage and
determine the DOF of the linkage structure as 1, the MCP and PIP joint angles were simultaneously
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Figure 3-2: Kinematic scheme of the structure
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3.3 Optimized Design Structure
3.3.1 Hand flexion/extension experiment
The hand rehabilitation system in this research is exercising the patient’s impaired fingers with
natural motions repetitively and intensively. Therefore,the research for the finger trajectory gen-
erated by the rehabilitation system is important issue during the design process of the exoskeleton
structure.
Previous studies for finger motions were reviewed to investigate a suitable trajectory of the fin-
ger F/E motion. Kamperet al. studied the fingertip trajectory when the subjects grasped avariety
of objects. [103] They found that the DIP joint angle shows linear relation to the PIP joint angle,
however, there was no specific dependency between the MCP andIP joints because the human can
control two joints independently. Contiet al. captured the joint trajectory of a normal person and
designed an exoskeleton for the hand following the normal person’s trajectory [104]. In addition,
Yanget al. researched a finger exoskeleton using the tendon mechanism based on the relationship
between finger joints [105]. When a normal person moved the ind x finger, the researchers mea-
sured the angles of the three joints in F/E motion and investigated the their relationships during
motions. Since the finger joints were adapted to the size and shape of the objects for stable grasp,
investigating the specific relationship between the anglesof MCP and PIP joint during grasping var-
ious objects is difficult. Furthermore, since the most of peopl have their own habits according to
the specific hand anatomy, it is hard to obtain the similar motions by many people. Therefore, many
researchers were used one normal person’s motion to design the finger trajectory of the rehabilita-
tion structure, but it is difficult to verify whether the motin by only one person with the individual
habit is good for the rehabilitation of the patient’s finger.Thus, the hand F/E motion experiment by
a variety of people was conducted to investigate the generalr lationship between the MCP and PIP
joint angles.
First of all, five subjects with normal hands were participated in the hand flexion/extension
experiment. They wore a finger motion measurement glove withinertial measurement unit (IMU)
on right hand and flexed/extended the hand without specific motion instructions. After all subjects’
movements were measured, the MCP and PIP joint angles were calculated separately.
Figure 3-3 shows the MCP and PIP joint angles during the hand flexion/extension without mo-
tion instructions. Although the curved fit was obtained using a first-order equation, the angle data
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Figure 3-3: Hand flexion/extension experiment without motion instructions
were distributed throughout the ROM of the MCP and PIP jointsand did not follow the curved
fit well. Since the MCP and PIP joints can move independently,the instructions to minimize the
individual habits should required. Therefore, a new experim nt for measuring hand motions was
conducted.
The subjects participated in this experiment should followed the instruction described in Fig. 3-
4 (a) to eliminate the effect of the individual habits when they grasping the fingers. The figure
shows three postures of the hand: flexion, relaxed hand, and extension. The relaxed hand shows a
partially flexed posture, induced by the passive recoil force generated by flexor digitorum profundus
(FDP) [20]. To perform the grasping motion according to the instruction, the subject relaxed his/her
hand from the flexion posture and made minimal force to move their fingers to the extension posture.
By contrast, the subject with an extended hand relaxed his/her hand, then moved the hand to a
flexion posture. By using the minimum force and natural contraction of the fingers, the potential
for idiosyncratic motions was minimized. Therefore, by this instructions for hand F/E motion, the
general finger motions with similar tendency were obtained although many subjects participated the
experiment.
In the hand F/E experiment, four subjects (aged: 25.3± 1.71 years) participated while following
the given instructions. The subjects proceeded to flex/rela/ xtend their hands for 1 min per trial
while attaching the markers for capturing the finger motionsat the joints of the index finger. There
were three trials with 1 minute rest between trials. The positions of the markers were captured by
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(a) Instructions for hand flexion/extension
(b) Relationship between MCP and PIP joint angles
Figure 3-4: Hand flexion/extension experiments
angles of the subjects were analyzed. All experiments were conducted with the approval of the
institutional internal review board (IRB) (IRB approval number: UNISTIRB-17-23-A).
Figure 3-4 (b) presents the experimental results for MCP andjoi t angles performed by the
subjects. The black dots and the red line represent the obtained joint angles by the subjects and
its polynomial curve fitted to the experimental data, respectiv ly. The polynomial fit followed the
curvilinear trend and the finger motions by the subjects weredistributed around the polynomial
curve. Therefore, the equation for the obtained polynomialin the experiment was as follows:
y = −0.0004239x3 + 0.0392x2 + 0.8507x (3.1)
wherex andy are the MCP and PIP joint angles, respectively. The ROM by thesubjects is presented
in Table 3.1.
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Table 3.1: The obtained ROM from the experiment
Joint Range of motion (ROM)
MCP (◦) 0 - 70
PIP (◦) 0 - 106
3.3.2 Optimization Algorithm
The exoskeleton structure was designed considering the natural finger motion and the general hand
F/E motion was obtained through the experiment by normal subjects. Thus, the parameters of the
exoskeleton structure should be designed to satisfy the obtained hand motions.
Before the optimization of the design parameters, the obtained general hand motion should be
adjusted to fit the user’s hand. Since the rehabilitation exercis was conducted with a physical ther-
apist and the exercise movement could not be measured, the representative hand motion trajectory
has not been proposed. However, based on the hand anatomy, the MCP joint is firstly extended in
the early stage of extension from fully flexed posture, and then, PIP and DIP joints are extended by
EDC [20]. Furthermore, lumbrical and interosseous musclesar activated to help the extension of
the PIP and DIP joints and prevent hyperextension of the MCP joint. This tendency is also captured
in the hand F/E experiment. In addition, CPM system should guarantee the wide ROM because
the rehabilitation system have to satisfy the user’s full ROM [106]. Therefore, the polynomial fit
was revised to guarantee the patient’s individual ROM of thefinger while maintaining the tendency
between the angles of the finger joints.
To maintain the tendency between the joint relation while changing the joint ROM of the system,
the measured joint trajectory from the experiment was expanded/contracted according the user’s
joint ROM. Thus, the polynomial fit equation from the experiment was changed by multiplying the
joint angles by the ratio between the maximum ROM according to the experimental results and
the user’s maximum ROM. The revised MCP and PIP joint angles wre expressed asx′ andy′,








whereX andY represent the maximum MCP and PIP joint angles, respectively, according to the
fitted polynomial equation, andX ′ andY ′ represent the user’s maximum MCP and PIP joint angles,
respectively. The polynomial equation optimized to the patient’s finger size and ROM was obtained
by substituting (3.2) to (3.1).
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Figure 3-5: Adjusted joint relationship






Range of motion (◦)
MCP joint 0∼60
PIP joint 0∼90
The user formation about the finger size and ROM is presented iTable 3.2. Since the maximum
angles of the MCP and PIP joint were 60◦ and 90◦, the polynomial equation was changed using
3.2 as shown in Fig. 3-5. The adjusted polynomial equation was applied to optimize the design
parameters of the linkage structure for each patient.
When a patient wore the exoskeleton system on the impaired han , the finger motions by the
exoskeleton have to satisfy the desired finger motions obtained through the adjusted polynomial.
Therefore, the optimization algorithm of the design parameters should be studied.
The design parameters of the exoskeleton structure was shown in Fig 3-6. lp and lm are the
phalange lengths of the patient’s finger, expressed in Table3.2, andlact is the length of the linear
motor stroke. There are 19 parameters for 14 links (l1 ∼ l11, lb) and 5 angles (α ∼ ǫ) in total;
however, 9 independent parameters except the dependent andpredefined parameters were used in
the optimization algorithm. The design parameter vector used in the optimization algorithm was
defined as follows:
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Figure 3-6: Design parameters of the exoskeleton structure
The vectorli which produce the trajectory most similar to the desired trajectory is chosen as
the optimized design parameter through the optimization algorithm. The difference between the ex-
oskeleton trajectory by the vectorli and the desired finger trajectory is described as a cost function
of the optimization algorithm. Therefore,x1 is the MCP joint angle of the linkage structure driven
by the length of motor strokelact, andy1 andr1 are the PIP joint angle driven by the proposed struc-
ture and the desired angle of PIP joint, respectively. Theseparameters were described as functions
of the design parameter vectorli and the length of motor strokelact as follows:
x1 = fMCP (li, lact)



















2 + 2l1l2 cosψ
)− π (3.4)
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1 + 0.8507x1 (3.6)
wherefMCP andfPIP are the functions for generating motion by the exoskeleton,andg is the
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function to generate the desired trajectory. The anglesψ andω were calculated as follows:


















4 + 2l1l2 cosψ
2l3l4
) (3.8)
Since the joint ROM of the user should be considered to optimize the finger trajectory by the
structure,y2 andr2 are the PIP joint ROM by the structure and the desired ROM, respectively. They
are also included in the cost function.
y2 = [min(y1) max(y1)] (3.9)
r2 = [min(r1) max(r1)] (3.10)
Therefore, the cost function is expressed by the differenceof the finger trajectory between the
exoskeleton by the design parameter vector and that of the desire motion as follows:
y = [y1 y2]
T (3.11)
r = [r1 r2]
T (3.12)
z = [w1 w2][y − r] (3.13)
J = zT z (3.14)
wherew1 andw2 are weight factors for the joint angles and the ROM, respectiv ly, andJ is the cost
function of the design parameter vector. The optimized design parameter for maximally satisfying
the desired trajectory was determined by finding the design parameter vector with the minimum
cost.
The flowchart of the optimization algorithm for design parameters is shown in Fig 3-7. Since the
cost function is a multivariate nonlinear equation, a numerical method was used to investigate the
optimized vector for the design parameters. First of all, the available ranges of the design parameters
were determined considering the finger size. To avoid the interference between the exoskeleton
structure and the finger, the collision between the exoskeleton and the finger was considered in the
most flexed posture where the interference occurs easily. Thus, t e cost of the design parameter is
calculated when the interference problem does not exist. Afer investigating all variable vectors,
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Figure 3-7: Flowchart of the optimization algorithm
Table 3.3: The optimized design vector
Variable l2 l4 l5 l6 l7 lb l11 α ǫ
Value 66mm 54mm 35mm 39mm 23mm 93mm 34mm 132 ◦ 33 ◦
However, if any elements of the design vector was at the loweror upper bound of the range, the
design parameter ranges were reconsidered. Consequently,the optimization process is conducted
again until the optimized design parameter vector with a locl minimum cost is obtained.
The optimized design parameters are shown in Table. 3.3. Theratio of l2 and l11 connected
to the same joint is highly related to ROM of the exoskeleton with the limited motor strokelact.
Therefore, the length ofl2 was determined to be about twice of the length ofl11 to generate full
joint ROM using the small length of the motor stroke(30 mm). Furthermore, since the human
generally has longer proximal phalange length than the middle phalange length„ the linksl5, l6, and
l7 forming a 4-bar linkage around the PIP joint are shorter thane linksl2 andl4 around MCP joint.




Figure 3-8: Optimized finger motions
α andǫ influence on not only the relationship between the angles of the MCP and PIP joints but
also the starting angle of MCP joint, respectively. Thus, they were defined to maximally satisfy the
desired joint relation and ROM through the optimization algorithm.
In the Fig. 3-8, finger joint angles by the obtained exoskeleton structure through the optimization
algorithm were compared with those of the desired trajectory. The curve with stars is the desired
joint trajectory by the adjusted polynomial, and the curve with dots is the joint angle obtained
using the optimized exoskeleton structure. As shown in the figure, the finger motions generated by
the exoskeleton were very similar to the desired motions. Thus, it is verified that the exoskeleton
structure obtained by the optimization algorithm guides the fingers to the general finger motions
successfully. The proposed design and the optimization algorithm could make the CPM system to
perform F/E exercises of the user’s fingers.
3.3.3 Spring mechanism
Most of the CPM systems were developed to make the user’s fingers just follow the given circular
trajectory using the position control [14,107].
However, in case of surgery or accident patients, since the joint stiffness varies depending on
the rehabilitation period, it is necessary to control the force feedback according to the patient’s
condition. Therefore, an elastic element as a passive impedanc , i.e., spring, was introduced in the
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Extended
Figure 3-9: Spring mechanism
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(a) Joint angles of the fingers
(b) Potential field (gray lines: potential field, thick line:desired joint
trajectory)
Figure 3-10: Deviated postures from the desired trajectory
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motion from the desired posture. With the spring mechanism installed in the linkage structure, the
guiding force is generated without a complex force control algorithm.
A spring was installed to the bent link, as shown in Fig. 3-9. When the user’s fingers extend
farther than the desired posture, the spring is compressed and the spring force is delivered in the
extension direction to make the fingers move to the desired posture. Moreover, the guidance force
can be easily calculated by a potentiometer measuring the defl cted length of the spring without a
large force sensor.
The magnitude of the guiding force is defined by not only the deflected length of the spring but
also the stiffness of the spring. Since the spring constant is also a important factor to determined
the magnitude of the spring force, determining appropriatespring constant is required. The spring
of the exoskeleton structure was manually designed to generate a maximum force of12 N when
the angles of the MCP and PIP joint were deviated from the desired joint angles, by averages of
5 ◦ and 15◦, respectively. According to the patient’s condition, the stiffness of the spring for the
rehabilitation system can be easily adjusted by changing itwith the spring with different stiffness.
The available finger postures according to the spring deflection is shown in Fig. 3-10 (a). The
line-patterned area presents the available finger joint angles by the exoskeleton structure with the
spring mechanism. The curve with the stars presents the finger joint angles when the spring is in
normal length, and also, the curves with the circles and dotspre ent the finger joint angles in case
of the fully compressed and stretched spring, respectively. Therefore, the user’s fingers are auto-
matically returned to the desired posture from the deviatedposture along the lines (in the direction
of the red arrow).
The spring mechanism installed in the structure can be considered as a physical impedance
mechanism [108]. One of the most widely known methods for calcul ting the impedance is the
potential field, and the gradient of the potential field is considered as the impedance [109, 110]. In
addition, the potential field is calculated using the springforce around the desired trajectory of the
finger joint. The positionsxH andxM are assumed as the end-point of the spring according by the
posture of the fingers and another end-point of the spring obtained using the stroke length of the
linear motor, respectively. The potential field by the spring was determined as a quadratic function







wherek is the parameter of the quadratic function. By differentiating (3.15), the impedance force,
F , determined in (3.16) is obtained as following:
F = −k(xM − xH) (3.16)
The parameterk can be interpreted as a spring constant. The negative sign mea s that the spring
force is applied in opposite direction to the deviated motion. Figure 3-10 (b) shows the potential
field of the spring force; for clear expression, the area where the angle of the MCP joint is 10∼40◦
was enlarged. As the finger postures deviates from their desied posture, the guiding force increases
depending on the gradient of the potential field.
3.3.4 Force distribution analysis
The transmitted spring forces to finger joints are proportional to the deviated motions of the finger.
Therefore, to investigate how the generated force by the spring is distributed to each joint, the
distribution analysis of the force was conducted. A free body diagram of the exoskeleton structure
was shown in Fig. 3-11 (a). The forceFs presents the force of the spring installed in the bent link
and the forceFn presents the applied force to each rotational joint according to the link number.
The numbers in the square indicate the required links for force distribution analysis. The transmitted
moments to the MCP and PIP joints are denoted asMMCP andMMCP , respectively.
Since the bent link in the exoskeleton structure is an indeterminate linkage, finite element
method (FEM) was used for analysis of the force distribution. The equations for FEM were de-
rived based on the principle of minimum potential energy [111]. The equation of the spring force
was given in (3.16) using the spring constant and the deflected spring length. The links in the struc-
ture were described as stiff bodies depending on the Young’smodulus (E), cross-sectional area (A),
length (L), and moment of inertia (I). The displacement (u, v) and slope (q) of the joint is changed
by the distributed forces through the stiff bodies were obtained as follows:
[K][Q] = [F ] (3.17)
whereK is the stiffness matrix of the links,Q is the displacement and slope vector of joints, andF
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is the force vector. Each matrix and vector can be presented as following:
K = [f(E, Ai, Ii, Li)], i : structure link (3.18)
Q = [uj vj qj ...]
T , j : rotation joint (3.19)
F = [Fs Fu]
T (3.20)
whereFs is the spring force, andFu is unknown forces transmitted to the joints. The matrixM
was introduced to combine all the unknown variables (unknown displacements (Q) and forces (Fu))
into one vector, and then solve the resulting equations using linear algebra. Therefore, the above












































Using these equations, the unknown displacements and forces can be obtained. Furthermore, the













The transmitted moments were affected by stiffness of the links by Young’s modulus, link
length, cross-sectional area, link inertia. The links weretypically made using the same material
and the link lengthes were determined by the optimization algorithm, and also the link inertia de-
pends on its length and the cross-sectional area. Therefore,the cross-sectional area of the links is
the only independent design factor to adjust the transmitted torque at the joints. Consequently, the
sensitivity of the transmitted moment at the joint due to thecross-sectional area of links were cal-
culated to evaluate the effect of the cross-sectional area for force distribution analysis. The joint
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(b) Sensitivity of the force at MCP joint (An: Cross-section
area of link n)
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(c) Sensitivity of the force at PIP joint
Figure 3-11: Force distribution analysis
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(a) Moment at MCP joint
































(b) Moment at PIP joint
Figure 3-12: Applied Moment at MCP and PIP joint
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whereM is the transmitted joint moment, andAn is the cross-sectional area of link.
Fig. 3-11 (b) and (c) show the sensitivity of the moment transmitted to the MCP and PIP joints,
respectively. The figure present the joint moment sensitivity as the cross-sectional area of the chosen
link varies from9mm2 to 36mm2 while that of other links are constant as9mm2. The transmitted
moment to the joints were influenced by only the links2, 3, and4. Especially, the transmitted
moment at the PIP joint is reduced dramatically as the cross-sectional area of link3 increases and
that of link 4 decreases. It is because the link3 and4 are longer than other links and their inertia
were dramatically varied by changing the cross-sectional area. As the link3 gets thicker, the inertia
of the structure around MCP joint increases, which increases th transmitted moment to the MCP
joint. Similarly, the transmitted moment to the PIP joint ish ghly dependent on the thickness of link
4. Therefore, the link3 was designed to be slim, while ensuring that it supports the exoskeleton
structure, and link4 was made thicker while making sure not to increase the systemize. The
finger structure was manually designed to distribute the spring force to each joint by adjusting the
cross-sectional area of each link.
Fig. 3-12 (a) and (b) present the transmitted MCP and PIP joint moments by the proposed
exoskeleton structure in the compressed or stretched spring co dition. The negative value means
that the applied joint moment is in the extended direction and vice versa. The moment is transmitted
up to230 Nmm for the MCP joint and up to35 Nmm for the PIP joint. As the middle phalanx is
more flexed than the proximal phalanx due to the PIP joint, thePIP joint moment is much smaller
than the MCP joint moment.
3.4 Performance Evaluation
3.4.1 Implementation of the exoskeleton system for the hand
Figure 3-13 shows a prototype of the proposed exoskeleton for exercising hand F/E motion. The
system can guide F/E motion of four fingers except the thumb asa mitten. The rigid frame for
connecting four finger and the structure has a silicon layer to compensate the thickness and height










Silicon band for 
easy-wearing
(b) Prototype
Figure 3-13: Prototype of the system
The whole system was actuated by only one linear motor for light weight and high portability.
Additionally, a potentiometer embedded in the actuator measures the length of the motor stroke for
estimating posture of four fingers.
A spring installed in the bent link can produce the guiding force for four fingers. The magnitude
of the spring force is calculated by the deflected length measur d by a potentiometer attached on
the spring case.
A linear motor with small size was attached on the dorsum of the hand for guiding the fingers
(L12-P, Actuonix, Canada [63]), and the exoskeleton structure was manufactured by 3D printing
technology. The dimensions of the device are120 × 195 × 78mm, and the weight including the
motor, is156 g.
3.4.2 Finger Motion Experiment
The experiment for finger motions were conducted to verify the performance to guide the user’s
fingers. A subject without any muscle impairment wore the proposed exoskeleton system on the
right hand and relaxed the hand during the experiment. The exosk leton system which is optimally
designed to the subject guided the relaxed hand along with the determined trajectory through the
exoskeleton design process. The experimental setup for measuring the joint motions of the user’s
fingers is shown in Fig 3-14 (a). The markers for the motion capture system was attached to the
exoskeleton structure and the joint angles of the user’s fingers were measured.
Figure 3-14 (b) shows finger joint motions guided by the proposed exoskeleton. The red dots
are joint trajectory of the subject’s fingers, and the solid curve is the desired exoskeleton trajectory.






Figure 3-14: Experiment of finger motion
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8.1 10.4 12.7 25.0 190.2 19.4 183.7 14.4
16.7 22.7 21.2 37.9 162.9 12.8 154.8 10.6




16.7 22.7 12.0 7.9 -219.3 -27.8 -214.1 -24.0
25.8 38.4 21.3 22.9 -194.1 -20.4 -174.3 -17.2
35.7 57.6 31.4 42.2 -152.8 -10.7 -143.1 -7.1
with 5 ◦ deviated angle maximally. The figure shows that the exoskeleton system for the hand can
guide the patient’s fingers effectively along with the desird exoskeleton trajectory.
3.4.3 Force Distribution Experiment
The force distribution analysis by FEM was experimentally verified by comparing the simulated
joint moments to the delivered joint moments of an artificialjoint hand. The artificial hand with
the exoskeleton structure is shown in Fig 3-15. When the spring is in normal state and the motor
maintain the constant stoke length, the posture of the artificial hand is same with the desired posture.
Thus, the transmitted moments to the MCP and PIP joints are zero. However, when the spring is
deflected, the joint moment by the spring force is applied according to the deviated motion of the
fingers. In this experiment, the joint angles of the artificial h nd were maintained to deflect the
spring by4mm with the constant length of the motor stroke. Therefore, thefixtures to maintain the
determined angles of the artificial hand were manufactured and attached to the joints of the artificial
hand. Therefore, the spring generated the force and the transmitted moments to the MCP and PIP
joints were measured by a torque sensor.
The transmitted joint moments at MCP and PIP joints in the force distribution experiment were
compared to those obtained by FEM analysis as shown in Table 3.4. The joint moments obtained
by FEM analysis and the experiment show similar value. Therefore, it was validated that the trans-
mitted moments can be successfully estimated by FEM analysis and designed by adjusting the
cross-sectional area of the links. Through the performanceexp riment for finger motions and force
distribution shows that the proposed hand exoskeleton system can guide the patient’s fingers along
with the desired finger motions and distributed the expectedjoint moments.
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Torque sensor







Figure 3-15: Experimental setup
3.5 Summary
In this chapter, an exoskeleton for exercise of hand F/E motion with high portability was proposed.
The exoskeleton structure for MCP and PIP joint motion consists of two four-bar linkage connected
to a bent link for 1 DOF actuation. The finger motions by several subjects were obtained by the
hand F/E experiment to investigate general finger motion. Inaddition, the design parameters of
the structure were determined through the optimization algorithm to maximally satisfy the desired
finger trajectory based on the user’s finger size, joint ROM, and the general finger motion. A spring,
as a passive physical impedance, was installed at the structure to generate the guiding force for
exercising the fingers; the magnitude of spring force depends o the finger’s deviated motions from
the desired posture. The transmitted moment to the MCP and PIP joints were estimated by FEM
analysis and the cross-sectional area of the links were manually design considering the expected
joint moments. Therefore, the prototype of the hand exoskeleton system with consideration of
high wearability and portability was manufactured and experim ntally verified. The finger motion
experiment shows that the hand exoskeleton system guided the fingers well as desired and help the
patient to exercise general motions of the fingers. The experiment for force distribution using the
artificial hand verified that the transmitted moments to the MCP and PIP joints in the experiment
were similar to the expected moments from FEM analysis. Therefore, the proposed device guides
the patient’s fingers along with the desired finger motions and distributed the expected moments to




4.1 Wearable Hand Exoskeleton Systems for Virtual Reality
In this chapter, a wearable hand exoskeleton featuring force-controllable actuator modules was de-
veloped. The linkage structure (with 3 DOF and a large ROM) was inspired by a study of finger
anatomy. The fingertip workspace of the linkage structure was kinematically evaluated and com-
pared to that of the functional ROM. As the structural workspace permits a ROM that is 90% of
the natural value, the user can employ diverse postures wheninteracting with objects. The actuator
modules employ an SEA mechanism (an actuator and an elastic element). The spring was manually
designed to impart the required stiffness to the actuator module. The contact forces arising when
subjects grasped objects were measured to determine the maximum force imparted by the actuator.
Motor friction was eliminated by using a friction compensation algorithm to linearize the motor,
and a DOB was employed to afford accurate force control even during motion. As the compact
actuator modules are attached to the hand dorsum, the user can move both the hand and arm freely.
The actuator module accurately generated the desired forces wh n the fingers were stationary or
engaged in arbitrary motion. However, the normal fingertip force was smaller than the real-world
value because of drastic changes in fingertip direction as the finger is flexed.
In addition, a wearable exoskeleton allowing measurement of finger motion and force feedback
during engagement with VR was developed and verified in termsof u er experience. The structure
is worn only on the fingertips and palm; wearability is thus high and full, natural finger ROM
is ensured. By using the proposed finger motion measurement algorithm, the system accurately
measured 5 DOF thumb motion and 4 DOF motions of the index and mid le fingers after a single
calibration, unlike earlier systems.
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To explore user experience (UX), the evaluation framework reflected the characteristics of the
system; I used a questionnaire to capture the opinions of thesubjects in terms of usability and
utilitarianism; responses were scored using a 7-point Likert scale. The mean satisfaction score was
5.87/7; most subjects had a positive opinion of the system and many considered that learnability was
excellent. In addition, as the system allows users to engagewith the VR via intuitive control and
feedback methods, satisfaction in terms of functional design was high. Negative aspects that were
cited included the heavy and uncomfortable nature of the system, and the force feedback sensation
not reflecting the ’feel’ of real objects.
4.2 A Wearable Spring-guided Hand Exoskeleton for Continuous Pas-
sive Motion
In this Chapter, a highly portable exoskeleton facilitating hand F/E exercise was developed. The
exoskeleton permitted MCP and PIP joint motion and includedtwo four-bar linkages connected to
a bent link; actuation allowed for 1 DOF. The finger motions ofseveral subjects were analyzed. In
addition, design parameters were optimized using an algorithm that considered the desired finger
trajectory based on user finger size, joint ROMs, and generalfinger motion. A spring affording
passive physical impedance was installed to generate the forc s guiding finger exercise; the spring
force depended on the extent of finger deviation from the desired posture. The moments transmitted
to the MCP and PIP joints were estimated via the FEM and the link cross-sectional areas were
manually designed by reference to these moments. A highly wearable and portable prototype was
experimentally evaluated. The experiment showed that the exosk leton guided the fingers as desired,
and aided exercises that improved overall finger motion. Theexperimental force distribution over
an artificial hand showed that the moments transmitted to theMCP and PIP joints were similar to
those expected from FEM analysis. Therefore, the device guides the patient’s fingers, achieves the
desired finger motions, and distributes appropriate moments to the joints.
4.3 Open Issues
Overall, finger motion measurement was excellent and user feedback was positive. However, the
force feedback does not ’feel’ identical to real-world feedback because of zero impedance and the
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Figure 4-1: Magnetic clutch mechanism
performance and direction of the force feedback.
4.3.1 Zero Impedance Performance
To address the zero impedance issue, a complex, robust control algorithm was applied. However,
the algorithm only minimizes actuator friction; perfect zero impedance is not attained. When the
user interacts with the VR environment (e.g., during a game or in a training situation), fingers are
typically simply moved rather than used to pick up objects. Therefore, it is important to attain zero
impedance when transmitting various forces.
However, most previous studies regarded zero impedance as aform of force feedback. As
zero impedance was not perfectly implemented using the control algorithm, we added an additional
mechanism. In a simple braked system, zero impedance is easily real zed by disengaging the clutch,
but forces cannot then be delivered. On the other hand, a current-controlled actuator accurately
generates forces but the zero impedance performance is worse than that of a brake. Therefore, by
combining a brake and a current-controlled actuator, the actuator module can attain high-level zero
impedance and generate various forces, as shown in Fig. 4-1.A magnetic clutch was created, and a
permanent magnet and coil were used to engage/disengage thecurrent-controlled motor to vary the
type of force feedback given. When the impedance is zero, thecoil current creates an attractive force
and the current-controlled motor varies the strength of that force. If force feedback is off, the coil
current is applied in the reverse direction, creating a repulsive force, and the motor is disengaged to
afford zero impedance, such that the user feels only the inertia of the physical device. Thus, users
do not become fatigued when using the haptic system, and can interact comfortably with the VR













Figure 4-2: The mechanism for various force direction
4.3.2 Direction of the Force Feedback
When we grasp an object in real life, we generally receive a force normal (perpendicular) to the
direction to the fingertip. Immersion in a virtual environment cannot be achieved if the direction of
force feedback from the VR system differs from that in the real world. However, as the areas around
all hand joints available for actuator placement are limited, he force feedback modules are attached
to the hand dorsum in most hand exoskeletons, and torque generat d by the actuator is transmitted
to the fingertips via finger-like structures. Thus, the user does not perceive a normal force at the
fingertips, but rather a force from the back of the hand such asth t used to pull a finger away
from an object. In the developed system, the direction of force created by the feedback actuator is
changed; the actuator always imparts normal forces to the fing rtips, thus reflecting reality.
Figure 4-2 shows the actuator module used to transmit forcesvarying in magnitude and direction
to the fingertips. Two actuators were employed to generate the forces and deliver them to the
fingertips. Various forces are readily generated by the combination of the linear actuator and SEA
discussed in Chapter 2. The directions of applied forces vary by fingertip orientation, derived via
forward kinematics. The actuator rotates the linear motor as directed by the fingertip orientation.
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6 년 반이라는 시간동안 석박사 통합과정을 공부하면서 저에게 많은 도움을 주셨던 분들이 
계셨고, 그 덕분에 포기하지 않고 무사히 졸업할 수 있었습니다. 학위 논문의 마지막 장에서는 그 
분들께 감사의 인사를 드리고자 합니다. 
먼저 부족한 저에게 아낌없는 조언을 주시고 연구의 방향성을 잃지 않도록 도와주신 저의 지도 
교수님이신, 배준범 교수님께 진심으로 감사드립니다. 교수님의 가르침 덕분에 연구가 무엇인지 
깊이 고민해볼 수 있었고, 어려움이 있어도 포기하지 않는 마음을 배울 수 있었습니다. 또한, 
대학원 과정동안 도움을 주시고 귀한 시간을 내어 저의 학위 논문을 심사하고 조언해주신 신관섭, 
강상훈, 오현동, 손흥선 교수님께 감사드립니다. 
다음으로, 좋은 연구를 위해 함께 고생한 Bio-Robotics and Control (BiRC) 연구실 멤버들에게 
감사드립니다. 특히, 가장 많은 시간을 함께 보내며 고생한 VR 그룹 멤버들, 박연규, 이정수, 
김현준, 인턴으로 고생한 백승호, 윤서연, 이상엽에게 고맙습니다. 모두와 함께 했던 덕분에 
연구를 마무리할 수 있었습니다. 
더불어, 제가 연구에 어려움을 느껴 지쳤을 때, 가까이에서 아낌없는 조언을 주셨던 구자환, 
김수현, 이지혜 선생님께 감사드립니다. 가장 힘들었던 시기에 선생님들을 만났기에 포기하지 
않을 수 있었습니다. 힘든 대학원 생활을 함께 도전하며 고민을 나누었던 박현하, 곽송미, 박상아, 
박은구에게 고맙습니다. 덕분에 대학원생 시절 동안 즐겁게 지낼 수 있었습니다. 또한, 각자의 
자리에게 최선을 다하면서 서로 응원을 보내주는 김지선, 김예원, 김윤경, 한다혜, 졸업 논문 
작성에 많은 도움을 준 정영태, 윤소라에게 고맙습니다.  
마지막으로 제가 포기하지 않도록 격려해 주셨던 제가 가장 사랑하는 우리 부모님, 조화훈, 
송영숙, 어려울 때마다 고민을 듣고 조언해 주었던 언니와 형부, 조진영, 박희정, 조승현, 김현진, 
사랑스러운 조카, 박서진, 박서인에게 고맙습니다. 가족의 사랑과 응원 덕분에 무사히 졸업할 수 
있었습니다. 
그 동안 저를 지켜봐 주신 모든 분들께 다시 한번 진심으로 감사드리며 앞으로도 꾸준히 
성장하는 연구자가 되겠습니다. 
  
 
 
